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ABSTRACT 

The basic characteri~.t1cs of a transferl'ed arc argon plasma 0 

were determined. A cathode assembly suitable for transferring the 
( ,. " 

electric arc to a molten metal bath or to a coo1ed anode was 

designed and constructed to ?rodbce the plasma in open air. ' It 

included provision for the injection of secondary gas into the arc 

column. 

~ -
The measured electrical characteristics indicated that the 

\ 
, , 

sustained voltage depended strongly on the arc length and much les8 . ) 

on eurrent. The iolet gas velocity past ~he cathode t1p was 

determined to be an important operating par~eter, rather than the 

,volumetrie gas flowrate~ 

, 
The measurement of the axial and r'adial prof,;i.les of 

temperature was effected,with ± 8% accuraey by a novel diagnostic 

technique based on the determination of the variations. in the , 
1 

outputs of a two-wavelength pyrometer that views a small section 
• / t 

of the plasma, as the latter 'is, swept rapidly by a blocking 
1 element. Temperatures up to 18,500 K were observed on the axis o~ 

j 

the plasma column. 

A sweeping microprobe was )1Bed ta measure the axial and 

radial profiles of velocity> Velocities up to '190 mis were . 
. . 

r~corded.' The ,presence of a relatively calder flow sur'rounding the 

plasma column was detected. Mass and energy balances. performed by 

.taking this flow into a~ount agreed with the measured input rates. 
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RÉsUMÉ 
~ i 

, Les caractéristiques d'une colonne de plasma d' argon créée 

par un a~c transféré ont été établies. Le montage d'urye cathode 

capable <l..e transférer un arc électrique à une anode fe'froidie ou' à' 

un bain anodique de métal enl fusion a été constru~t pour permettre 

l'opé~tion du système à l'air ouvert. Il était aussi possible 
1 • , 

d'injecter un gaz secondaire dans la colonne de plasma . . 
La mesure des caractéristiques ~lectriques du plasma 

indique que la tension entre les deux électrodes dépend fortemedt 

~ de ~a longueur de l'arc et beaucoup moins du coùrant. Il a aussi " 
1 • 

été établi que la vite~se d'écoulement du gaz ,au n~eau de la 

pointe de la cathode est un paramètre très important, et non le 

taux volumétrique de 'l'écoulement. 

La ~esure des profiles de température axiaux et radiaux 

a été effectuée avec une précision de ±fl% au moyen d'une nouvelle 

technique diagnostique basée sur la détermination des variations 

dessi~aux émanant d'un pyr~mètre optique à déux longueurs d'onde 

focusé sur une pet:;te section de la colonne de plasma.' tand=!,.s que 

celle-ci est rapidement traversée par une lame de bloquage. Des 

rtempératures allant jusqu'à 18 ,500-K.ont été observêes sur l'axe 

du plasma. 

Un micro tube de pitot, traversant le plasma rapidement, a 
i 

été employé pour détemainer les profiles axiaux et radiaux de la 

vitesse. Des vitesaes allant jusqu'à 190 mis ont été observées. 
'\ \ ~-' , 

La présence d ',un écoulement de gas relativement froid a 

été détectée autour de la colonne de plas~. Quand cet ,écoulement 

~st inclus, les bilans de masse et d'énergie, s'accordent avec leurs .., 
valeurs respectives à l'entrée du système. - -' 
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GJNERAL INTRODUCTION 1 

.< 

/ 

The app~ications of plasma ,technology to high-temperature . 
heterogeneous systems are attracting increasing att~tion, due to 

; 
the availability of efficient ~ large-scale plasma generators, and 

to the inherent simplicity of the processing.technique. Early 
, \ 

at~empts to use plasmas as ',\igh-enthalPY sources for the processing 

of finely-divided materi~ls \nt~ed"r thi.,use of d.c. plasma jets 

or R.F. induction torch. More \recen1y' -1~c-r-ea~l,ng attention has 
\ 1/'ifl -m/ 

been devoted to' the use of trans~r d arcs, in ~1ch the anode 

consists of a bath of the molten me€à:ll:!"c 'product. This approach 
'l' ___.. .• '-.:..... " 

provides a number, o'f' significant advantages, chieLamong which are 
--....... --.... -. ......., 

the use of the anodic energy dissipation t~ ma~ntain the baè-~,~t 

very 'mgh temperatures and the provis:i.o~ of additional residenc~ ", """ 

time to complete the conversion of the partic~es which ,have not 

1 
undergone sufficient treatment under the action of the plàsma , 

column alone. This is particularly important when a very high 

degree 0; conversion 18 necessary. The design and optimization' 

of plasma reactors for such processes requires a sound knowledge ::-
. . 

of the basic plasma characteristics, such as temperature and 

"" veloclty under differe~t operating conditions of current l'arc 

" . 

1 1 

....... 



\ 

length, and sheath gas flow rate. Precise diagnostic techniques to 
p -. ' 

detenD:.tne plasma ~haracterisÜcs are,' therefore, a necessity for 
'of ., ri Il 

fundamentà~"studi~s. 
, .. J' "" 

The general aim Qf this thesis was to develop ,simpla,-,but 

accurate diagnostic techniques and ta use tham for the de ter-

mination of the basic characteristics of a transferred arc plasma. 

" 
In accordance with current practice, this thesis has been 

written as a number of individual sec~ians, which are 'complete in 

themselves. The ~o main sections of the thesis are: 

i) A rev1ew of the pertinent literature ~n the field 

of plasmas and measurement techniques. 

A report of the experimental "determinat1ons of 

the bàsic characteristics of a transferred arc 

argon plasma. r' 

.' 
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INTRODUCTION 

The review of the literature preSénted here 1a divided 

into two parts :_,< . a description of plasma phenomena and of plasma 

generating devices, and a survey of plasma diagnostic methods. 

The first part will be' concerned with plasmas in general, the 

me~~ods for plasma generation as we1l as their particular' 

charaçteristics, and the applications of p1asma,technology in 

chemical and metallurgical processes. A short review of the . ~ 
studies on plasma transport properties will a1so be given 

because of their relevance to the present work. 

The~e~ond part will descri~e the various techniques used 

, in plasma diagnostics. This part of t~e review will be limited to 

the determination of the two major plasma flow parameters, namely 
\ 

the temperature and the velocity fields. A stronger emphasis will 
l , \ 

be placed on the measurèment of temperature because of its , 

importance in this work. A brief rev1ew of the methods used for 
1 

the inversion of lateral measurements to radial measurements will 
\ 

'be presente~algo. Fi~ally, a, brief background on jet entrainm~t 
(' 

will be given • 

1 

W\ 
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I. PLASMA PHENQt:ŒNA AND PLASMA DEVIeES J' 
-0' 

GENERAL 

A revièw of, the pl~sma generating devices and' of the!'r 

operation and characteriStics can be found 'in several books and 
l ' 

..( " 
review articles that have recently appeared. Amongst the books, 

the ones by Baddour and Timmins (1967), by ~rdeman and Hecht 

(1972), by Ho11ahan and Bell (1974) and more reçently by Howatson 

(1976) are the most pertinent. Of the review articles, thos~ of 

Landt (1970), Wurzel and Polak (19iO), Sayce (1971, 1976), Waldie 

(1972 a',b), Bonet .(1976). Wilks (1976), Rykalin (1976, 1977). 
, 1 • 

H8mblyn (1977) and Aubreton and Fauchais (1978) are the most 

relevant ta this thli!sis. The interested reader i8 a1so referred 

~ 

to the Ph.D. thesis of Munz (1974) in which an extensive review of 
, 

p1afa devices. both those which are useful in small labo,ratory 

are considered for' commercial 

op rations, can be found. 

, ~ 

The following section is intended to provide a ~cimmary lof 
,1 

he availab1e information which ia pertinent ta the present work. 

EFINITION OF PLASMA 
. '. 

The tèrm "plasma" refets ta a mass of gas in which enough r. 

at~s are ionized for the frae charges to have significant effects. 
~ 1 

'" It i8 on the average nautral because the. number density or the 

positive charges ia equal to that of the negative ones. The plasma 
\ 

, .1 • '" .. '::, .. J" ••• , ...... ~,'_>'~d~,.~ •.. 1 

." 

1 
1 
l 

\ 
A 
l' 
1 

j 
, , 
i 
1 
o 
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, 
\ 

(' 

\" 

3 

!JI8:y also contain neutral parricles (atomic or molecular) 01' may be 

fully 10nized in which case ~p the particle\- are charged. Thè 
, .,' . 

ions may b~ singly or mu~,tiply charged,. Unlike' gas in 1t9' normal . " 
\ 

state, t~:ê ionized fol.'1ll 1s an electrical conductor and 18 thus s 
;1 

infll;len~ed 'bY U;;~~~C and electr1c fi~lds. 
r~ 

1 

IJ 

,Ali important parameter 1s the degree of ionization, which 
\, 

i9 the percentage of thoae gaseous atoms or molecules 1nitially 

present that has been deco~ose~ 1nto charged carriers. When the 

plasma contains neutral particles. the degree of ionization' 1s less 

than one. 

From the p01nt of view of the universe, the plasma state 

ls actually by far the most dommon fom of mattèr [up to 99 per 
1 

cent 1n the universe (A. Kett1an:!. and M.F. Boyat,1X. 1973)] and thus 
\" 

1s often referred to as Itthe fourth s1;ate of matter." It la" also 

the most energetic state and 18 the source of the highest . , 

continuously controllable temperature9 available today. lt bas the 

conductive propert1es of Detallie materi~ls; however, 1t is a 

compressible fluid and obeys the law9 of fluid mechanics as well 

as those of electromagnet1cs. 
, \ 

Plasmas are present in such d1verse devices as fluorescent 

and, neon lamps as weIl ~s in the huge machines for the study of 
\ 

controlled nuclear fusion. They à're broadly classified as told 

plasmas (operating under vacuum) and hot or thermal'plasmas 

\ 
(operat1ng ~,~ or above atmospher1c pressures). The erl~rgy 

, ,) 
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distribution between the .elect~ons, at'bnis and ions \S lDOre uniform 

in the latter wh1c:h makes i t possible to 'Characteriz~\them in terms 

of transport and ~nergy-temperature relationships. \\. 

Thermal plasmas formed by electrical discharges typically 

" 
hive temperatures be.tWeen 2,500 and 30,000 K and ion1zation lè'vels 

greater than O.~% (Howatson. 1976) and are at atmospheric pressure. 
" \ 

\ . 
They are t,hose m~t relevant to high-temperature chemical and 

metallurgical processing, and for th~ purpose of this thesis, 
, 

further discussion of plasmas will be limited to.othis type. 

PLASMA DEVIeES 

Classically, plasmas are generated between electredes that 

carry the c:urrent to the· plasma region. Theae t'ypes of plasmas are 

generally known as "Arc PlsS1lI8s." On the other hand, it 18 also 

possible te generate plas~s without electrodes (Electrodeless 

Plasma Generators) as in inductance or 
, r ' 

pla~s from a high-frequency source. 
, 
\ 

these ~o categori~s will be'-discussed 

relevanc~to this S~UdY. " 

\ 
Electrodeless Plasma Generators 

capacit~ce-gènerated 

In th' frÙowtng .~~';o,"., 
in the order of 1ncreasing 

In the e types of generators, the energy 1a transferred 

from the high frequency source to 'tHe gas by either a co il or a 

• set of capacitor plates, result1ng in an inductive or capac1tive 

coupl1ng 'between the elactrie and magnetic fields. The ionization 
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c' 
is maintained once started, provtded sûfficient power is supplied. 

o 

The absence of e~ectrodes avoids contamination of the plasma system 

witll the possible evaporation or erosion of the electrode material, 

and perm:i.ts the use of aven quite cor~osive gases 1ike chlorine ss , 

plasma-fo'rming $sses (B:iceroglu, 1978). ,0 

d Inducti0!l torches are more commonly employed in pasma 

studies than tha capacitance" types. Follo~ing their first 

description in 1961 (Raad, 1961), the induction ~orches have been 
, v 

used in such broad applic,ations as li\ght sources, spheroidization, 

crystal growing and chemica1 synthesis. The review pa~er by Eckart 

(1974) contains a full description of such applications. In tthe 

McGill Plasma Laboratory, radio-freqt,1ency induction torches have 
''\ ' . 

been used bath for chem:1.cal r.eaction and for heat-ma.ss transfer 

studies (Munz, '1974), (Sayegh, 1977), (Biceroglu, 1978), (Vannier-

\ 
Moreau, 1980) as well as a source for laser-doppler anemometry 

" , 

improvement- studies (Ho, 1976). 

/ 

The plasma produced by induction torches generally shows 
, , 

two clearly distinguished regions: the firebal! in the region of 
" 

the coi! [with temperatures raI).ging from 7,000 ta 11,000 K and 

velocit1es from 50 ta 25-0 mIs for argon (Eckèrt, 1974), (Lesinski . ., 
, l':.> ,. 

~ 0 

et al, ,1979)1 and the plasma tailflame region below this fireball, 

[temperatures typiéally around 2,000 to 5,000 K, an4 velocities 

around 6-12 mis (5ayegh, 1971)]. The temperatures mày be raised 

somewhat by operation at pressuras above ambiant and the veloc:lty 
\ 
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of the tailflame may be increased by.the use of a constricting -. 
'nozzle. The power efficiency pf induction', torches is consideralol1y 

lower than that of electrode devices similar in size (Sayce, 1971), 

(Harry and Hobson, 1975). " This is due to the energy lasses 

associated with the various steps invo1ved in the generation of 
.. 

hi&h frequencies. The radiation losses are a1so greater due to the 

1arger volume of the ~lasma generated .. In addition, the capital 
~, 

cost per operating 
, 1 

kilowatt is quite higher than for most of the 

dc arc systems • 

If it ia desired to introduca solids or gases ioto an 

induction torch, ~o approaches are possible. One method ia to 
l ' 

.inject them directly into the fireball. Althoullh the temperatures Cc 

fi' \ 

are highest here, the presence of ~ward recirculation' f10w (caused 

. by magne tic' p~ing which will be exp1ained in detai! later on) 
o 

:\'_. \ poses several difficult~s. A study on .the mixing of an argon 

plasma fireball ~nd a' surrounding sheath of hydrpgen o! air by 

Dund8:.s (1970) showed that very little mixing occurre4. between the 
D 

two flows. As pointed out by Boulas (1975), forced throughput of 

powd~rs ot gas does not aid in entraining ,the particles. In 

addition, the' added heat load causes 10stabilities in plasma 

gep.eration as fOUI;ld by Huska .(1966). Warren and Shimizu (1965) and 

1 
• 

l, ' 
Charles e~al (1970). ,Solids or gases may be injected mor~ 

rucceSsfullY into the tailflam'è" of t?e pla8~. However, the 
{> 

temperatures ln "'that region ar~ lower and thus this scheme 1s only 

" advantagèous for the treatment of solids which might otherw1se .. ~ .... ~ 
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ev~porate at higher temperatures, or where'it 1s desired ta 

maintain a composition in the tailflame which wbuld generata too 
1 

much heat if introdueed into thE; Hreball (Read, 1967) 1 

In summary, i t would appear that the elee trad'eless plasma 

torches are only suitable for laboratory use for :ibasic kinet~c or . :~ 

heat transfer studies in which ~limination of the contamination 

fTom the electrodes'is esse~tial,aqd prec~se control of the plasma 
" 

1s desirable. 

ATC Plasmâs 

The cOlll1llon feature in a'll are plasmas is the pr~sence of 

electrodes. Unless one ·of the electrode materials is to be used as 

a reactant, the electrodes are weIl cooled and the constriction 

necessary to s~abilize the'arc ~nd to jftain high t~peràtures i8 

'achieved either by surTounding the arc bt cold walls (wall­

stabilized plasmas), or by surroundinE the arc with a cald liquid 

or gas which 1a forced ta flow into -~J arc -(~r is c~nvected ioto 

it by natural processes) and provided' the s-pecies wh1ch constitute 
1" 

it U possible to c,lassify arc 'l 
--..;: 

the thermal plasma. Although 

\ 
plasmas in sever al ways according to the method of stabi1izatio 

(BaddQur and Timmins, 1967), to he configuration o~ the electr des 

1 

(Freeman, 1969), to thJ method f ignition (He1lund, 1961), to pe 
1 

nature of the 'p_ower supply ( lyn, 1977). or to the current 1 l, ' 

,which they carry (Howatson, 1976), in this review, forsimpli ity, 
, , ') - 1 

they ~ll be discussed un er ~ headings: stationary arc plasmas 
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and transferred arc plasmas. While the former will be brief1y 
, 

reviewed for the s~ke of completeness, the latter will be dealt 

wit;h in grèater detail dnce the transfer-rad ard plasma 1s the 

focus of attention in this thesis. 

Stationary-Arc Plasmas 

The most widely accepted version of this type ls, t;he dc-

jet plasma toreh in which the' plasma-forming gas flows between an 

inner conieal cathode and a surrounding nazzle-shaped anode. The 

arc struck between the electrodes ionizes the ga~ and is blown 
\ 

through the nozzle by the p1asma-fonning gas as a high temperature 

jet [about 13.000 K in the core; with argon (Freeman, 1968), 

(Lewis and Gauvin. 1973)]. Basic de torches have been modified' in 

a nUmber of ways t"O provide more stable and efficient operation • ....... ,._{ \ 

The recent review paper by HambIyn (1977) gives an excellent 

account of thase attempts. When applied ta the processing of 

solid partieles. the de torch (and the stationary configuration in 

general) sufbrs from great limitations. 

Î 
Theae timitations arise from the following reasons: 

1. A great percentage of the power i9 10st into the. 

anode nozzle cooling, thus reduc1ng the efficiency,' 
, 

defined as the ratio of the power. transferred to 

gas ta the total power input to the generator 

(Sayce. 1977). 
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Injection of particles into the arc, if inereased 

beyond a certain level, leads ta instabilities and 

excessiv,e electrode erosion. Injection of part~cles 

outside the torch directly into the plasma jet 

leaving the anode orifice ls inefficient s~nce man~ 

of the particles simply bounce off the boundary 

(Ty1ko, 1972). 

The high vel~cities encountered in the de jet sive 

the particles very short'times of tesiden~e (Boulos 

and Gauvin, 1974), (Bhattacharrya and Gauvin, 197~). 

The temperature of the jet decays very rapidly 
.') 

(Lewis id G~uvin. 
high ~o compensate for these low ~esidence times. 

1973) and is not sufficiently 

4. Product collection and recovery i8 a problem in 

these plasma systems. 

Transferred-Arc Plasma 

This type of plasma has onlyOrecently begun to attract 

1 
attention and differs from the stationary version in a number of 

ways. In transferred-arc devices. tne arc ia formed between 

'. 

rather widely-separated electrodes. Th~ greatest dissipation !,?,f 

electrical energy here i~ at the anode face. If the anode i8 made 

the wo't'k piece (as ·in the case of metal cutting) or the Ireaetan~. 

the energy effic:iency can be made quite high ainee the anode i* 

), 

, . , 
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not water-cao1ed. In most cases, the arc has te pass through a 

constricting nozzle. This nozz1e MaY remain disconnected at a 

f10ating potentia1 or alternatively MaY have a sma11 curren~ 

flowing through it (Ty1ko, 1972), (Mercure et al, 1977). 

The presenGe of this nozzle and of convective currents 

(which arise due ta magneta-hydrodynamiè forces) tends to 

constrict the transferred arc. As'a consequence of this, the 

arc is almost paralle1 over most of its 1ength and ts characterized 

by'a high temperature and h~gh velocity together with a high cqrrent 

density (Ste jan off. 1968). In addition to the factors common in 

aIl the aforementioned devlces that influence the operating 

characteristics (power input, thermal lasses, chemical and physical 
1 
1 

nature and f10w rate of the ga~), the transferred-arc plasma 

character~stics (temperature and ve10city, in particular) are also 

inf1uenced by the arc 1ength and the degree 0T the arc constriétion 

(Sheer et al, 1969, 1974). 

For the ignition of the arc, a low current pilot arc 
\ 

between the cathode and the nozz1e can be used (Mercure et al, 1977), 

or a1ternatively, the main anode can be brought very close to the 

cathode and a high-frequency are can be struck between them (Sayee, 

1976). 

The basic design of the transferred arc disetissed above , 

bas been the abject ai attampts to refine it. from the point of view 

of improved industrial applications. As mentioned ear11er, the 

/ 

/ 
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diameter of a transferred arc tends to remain narrow an~ the 

plasma column thus exhibits high thermal gradients. One 

possibility of overcoming these disadvantages lies in the expansion 
1 

of ,the plasma column. 
1 ~ 

Such an idea is by no means new and indeed 
, 

its principle was described by Weizel and Rompe in 1949 and 
, 

Finkelnburg and Maecker in 1956, not to mention others. Basically, 

~ statès that an electrical discharge may be stabilized_along a 
o 

linear path and ~anded centrifugally by a hollow cylinder which 
1 

surrounds the arc column,and rotates around it. In this way, the 

v1scous drag forces interact with the boundary of the arc column 

expanding it radia11y outward. Audsley et al (1967) and Whyman 

(1967) used this prlnciple in their cylindrically-expanded, 

rotating-wall, direct current plasma furnaces. The cathode 

geometry that can be uged for such e. system has been described by 

Bryant et al (1969). When expanded, it was argued, the plasma 

region would create low gradients of temperature, ve10city and 

viscosity. Though the solid particles were fed by gr~vity through 

a hollow cathode, their design utilized magneto-hydrodynamic 

atreaming ta carry the powder into the arc column. Tylko (l~72) 

criticized the above configurations as being very diffieult to 

acale-up and descrihed a transferr~d-arc furnace in which the 

plasma column itself ia mechanically rotated around a ring electrode 

acting as the anode. The' feedstocks were injected through two 

diametrically opposed ports pointing ta the top of the supposedly 

coniea! plasma column generated by a circularly-oscillating 
l, 

, 
1 
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cathode (the so-called Precessive Expanded Plasma). The appli­

cability of this design to h~terogeneous reaction systems ia being 

studied by Tetronics in collaboration with the Foster-Wheeler 

Corp. in Farrington, England, but it i9 now recognized that a 
" 

continuous conical-shape sheet of plasma is .!!.2l formed by this 

'"technique. Another method for expansion of the plasma column ls 
, " 

to -us~ an externa1 rotating magnetic field (Maniero et al, 1966). 

In spite of its apparent âttractiveness, this approach has not 
1 

rec~ived mucn attention. 

,From the information given so far, it is obvious that the 

design of the torch must be closely couyled with 'that of the 

reactor itself. 'Sayce (1977), Hamblyn (1977) and more recently 

Aubreton and Fauchais (1978) have described several different forms 

of plasma, reactors that use the transferred-arc mode. They 

unanimously àgree that the systems in which an arc ls struck 

between the cathode and a molten feed. (serving 'as the' anode) are 

often far more thermal1y efficient than non-transferred plasma 
, 1 

jeta. They further 'recognize that the use of a transferred-arc 

system cao enable economies to be made in the quantities of gas 

consumed, and ean also permit the heating iof reactive gases using 
1 

electrode systems which are essential1y non-consumable. They a1so 

suggest that high-va1ue. high-temperature materia1s processing 
ti • i 

operations in the future will utilize either of the two following 

" feed stock injection'techniques: injection of the powdered feed 

near th~ cathode constriction» or tangential injection directed 
" 
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towards the rea torrs walls su ch that the feed will eventually move 

down as a molt n film along the walls. 

Th csthode design in transferrsd arcs i~'undo~tedly ver,r ,
1 

imp~rtant, whichever injection technique is preferred, du~ to the 

fact that maximum. penetration of,.,.the particles and/or the plasma 
" , 1 "Il 

~o~ing gas fnto ~he prtmary energy dissipation zone within the 

arc column is required for IDaXimtnn conversion and minimum eooling 

of the molten anode. Recently, workers in-the f~eld have displayed 

a- great deai of ingenuity and creativity to this end. As Gauvin 

et al (1980) have pointed out, the bulk of the work in this fie~d 

15 being done in or for industrial concerns and is thus not 

necessarily reported in the literature. Nonetheléss, the design 

approach of Sheer et,al (1969) has probably laid do~ the under-
\ 

1ying princlples for aIl subsequent designs. Their design , 

con~isted of a central, water-cooled conical cathode tip surrounded 

by a closely-spaced conieal nozzle sa that' th,e plasma-forming gas r, 

-, - -~-~ 

was injected as a thin, relati~eiy high speed film into the arc 
l , 

column, very close ta the cathode tip. Little material 109s was 
1 

observed from the cathode since, they clàimed. ft was cooled by 

convection. They called this configuration the Fiuid Convective 
1 

Cathode (Fee). It was found that if the gas impinged on the arc 

column in the contraction zone, the, gas would preferentially enëer 

the column. (The electromagnetie pumping utilized in t;1)is 

technique will be dis~ussed later in greater det~il). Measurements 

have shown that up ta 80% of the gas so injected will enter into 
'-
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the column. In a later publicdtion, Sheer et al (1974) described 
,« 

a double shroud Fee for injecting reactive gases into the arc 
1 

column. While a non-reactive gas '(argon) is fed through the inner 
~ ~ "', 

\ 
nozzle to pr'otect and cool the cathode, the r~active gases are fec! 

through the outér shroud. They used this design for arc vapor-

izatidn of refractory powders injected through the outer shroud. 

An interesting ~bsérvation they reported 'Wa~ that thermophoret:i,c 

, forces put a lower limi t to the size' of paÙicles to be entrained. 
\ 

1 

1 \ 

They have not, however. cbnducted;a study as ta detennine the change 

\ 

in the plasma characteristics due t~, secondary gas an!rO~ partiele 

inj ection. as weIl as the extent of the" penetration 0 \ thi's 

injection. 
l ' 

\ 
li 

In SUllllJary, it would appear that,l the use of transferr~d 
/ 

'arcs in metal~urgical materials processing is advantageous 9ver 

the other possible techniques for the fo11owing reasons: 

1. 

2. 

" 

'" The in~cted gases and particles are heated directly 

by the arc in a minimum volume of gas at very high 

Itemperatures. H1gher thermal efficiencies and'much 
1 

higher particle loadings are ther,efore, possible. 

The product may be collected as a malten bath in 
'\ 

w~~ch case the anodic energy dissipation (a 
/ 

significant 108s in non-transferred arcs), is used 

to hea't the mol ten product . 

\ . \ 
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4. 
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Scale-up is simple ainee cathode cooling will be 

sufficient even at higher partiele inputs, and ~nod~ 

erosion, whieh is a prob'1em for other torches, is 

eliminated. 

Although complet!: conversion of a11 part~cle9 in 

the!r flight in the arc is desirable, it is not 

essential sinee the unreacted particlea will be 

further treated in the molten bath where they are 
.. 

retained OVer much longer residence times than 

~re pos~1ble for irt-1l1ght eontaeting treatme~ts. 

\ 

ELSCTRIC FEATURES OF ARC PLASMAS 

The electr1c arc can be described as a d1scharge 

susta1ning quita large currents (in so?e applicati~ns. thousands 

~f amperes) maintained by a comparatively low voltage. Further. 

the voltage-current eharacteristic curve 15 of the,! falling type 

and the current density of the arc can be very high (hundreds of 

A/cmZ
) resulting in mueh greater power density than other types of 

~ 

eleçtr1cal dis charges , (e. g., Townsend dark dis charge , normal glow 

discharge) • lIowaver. the characteristic that 1s of tan cited as 

the most distinguishing f~ature 1a the low voltage drop in the 

region of the cathode. Figure 1 shows a schemâtic representat10n 
----<-

of the conventiomal arc, displ~y1ng in addition the spatial 

distribution of voltage and current density along-the length of 

the arc. As can be seen, the voltage drop aeross thè d1scharge 

1 
\ 
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FIGURE 1 

THE SPATIAL DISTRIBUTIONUF 

VOLTAGE AND CURRENT DENSITY 

ALONG THE LENGTH OF THE ARC 
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'consists o~ three portions:, the cathode fall, the calumn potential 

drop and the anode 'iall. The cathode drop potential (V c) i8 
6 

some-wpat greater than the anode drop (Va)' which may be absent 

altogether (Somerville, 1959). Usually, V i8 of the arder 
\ c 

volts, c~parable ta the ioniz~tion potential of the plasma 
D 

of ten 

gas. 

Between the two elecdodes, in the region referred ta as "The 
ç 

Positive Column" for h:l!storical reasons, the voltage decreases 

) " 

almost liriearly, implying reasonably uniform conditions. The value 

of this voltage gradient depends on cùrrent, arc length, material 

~d shape of cathode and on the velocity of the cold shielding gas. 

$tojanoff, (1968) reports a maximum value of 10 V/cm for a 3 cm-long 
G 

argon arc plasma. 
" 

The(physical pictu~ behind the existence of these three 
, \ 

regions can be better understood if oqe looks to the th~ee transfers 

that must be effected when current i8 ta be passed between twa 

electrodes in agas: 

a. o The current must be transferred 'seross the gas-cathode 

junction. 

, b., The current, must be conducted through the body of the 

gas. This req~ires that the normally neutral gas must 

be made conduct1ng by the introduction of charge 

carriers, or by their creation within it, or bath. 
\' 

c. Ftnally, the currént must be' transferr~d aeross the 

anode-gas junctio~. 
-' . 
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lt 1s,avident f~om this physical pict~re that in the 

po~~ve column, the propert1es are ~~t much influenced py the 

processes tâking place at the electrodes while in'the electrode 

fall regions, the properties of the system are either strong1y 
~ ( 

modifieg, or completely determined, by the electrode processes. 

The detailed mechanisms operating at the anode fall region 
i 

and cathode fa11 region are not weIL understood, and even for 

paFticular types of arcs, it 1s exceptional that a given theory be 

gr~ed the agreement of the majority of rese~rche:9, to say 

nothing of unanimi'ty. Somerv"Ule (1959) J ''Boyaux (1968) and 
o , 

Howa~son (1976) ,pr~sent descrirtions of these theories~ The Ph.D. 

thesis of Choi (1980) 19 also râcommended for the er1tical review, 
, 

of the models used to explain the electrode faii phenomena. 

On the other hand, the positive column is much better 
,\ 

understood. It is also much more important for the purpose of 

the present work and for this reasoI\, ,the mechanisms active in 

the positive column and the governing equations will be discussed 

br1efly in the following sections. 
\ ~ 

\ EnergY Trynsfer Mechanism 

1 
,l, t:. 
This section 1s based on the texts of Spmerville (1959), 

'\ 

Hellund (1961) and Hoyaux (1968~, and summari~e8 the mechanism by 

which electrical energy 18 transferred into thermal energy 1n the 
1. 

gas. " 

, ' 

"" " 

Il 
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\ 

The arc column cpnducts because of the presence of 

charge carriers of both signs. lt 1s impprtant to note that the 

number densities of electr,ons and positive ions ~re a1ways 

approximat~ly equa1 (quasi-neutra1ity) artd in this aspect of 

/"--~~~.r$e distribution, the plasma is closely similar ta a metal 
( , ,~ , 

t \ condticto\r. Thè main carrier, by which the external electrie supp1y 

'-"-feeds ~8~;t' ta the~rc column, ho~ever, ls t1:1e eiectron constituent 
l, .., 

, <, 

of the plasma. This 'can b~ understo~d as, follows. 
./~ . 

tlll '-<-' 

The arc-current dens1ty (j) can be written as th~ sum of 

the electron and ion currents in the ,form: 

j .. -p.e e v e + r:i~ e Vi (A/cm~) t.\~o (1) 

~ 
~ Typical values,of the elactron and ion number density 

'Be ~d E.t) are 1012 
'-:- lOu/cc (Hellund, ;961), (Ols~, 1959) • 

• 1 Values of the electron and ion drift velocities (~ and Yi) 'depend 
, J>, 

d 

on the gas pressu~e, t~erature, and on the nature of the gas. 

,', l' 018en, (1959) reports values between 0.5 ta 2.5 x..l0 5 cm/sec for 

~ for atmospheric argon plasma. The ion drift veloeity is ~maller 

by a ft;};ctor of the "arder ().f several hundreds (Somerville, 1959), due 

to the!r greater masse Thus, it 'rema1ns true that the current 1s 

- carried sùbstantially by electrons.' 

\ 
After the,gap betw8en the electrons 1a bridged by some 

means. S~y by a h~gh-frequency. high-voltage gap, the ehain of 

evants ,which occur 1e as follows: Jfhe hi~ vo~tage between cathod~ 

• r 

- " 

! 
l 

',\ 

'1 
1 
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~anode causes local ionization of the g~s. Electrons near the 

cathode are accelerated toward the anode by the electric field, 
1 

acquiring a sufficient amount of energy to cause ionization of ~y 
1 - .. 

atom of gas with which they collide. (It must be noted that in 

such collisions. only a very small fraction of the electron' s 

energy is los t, - proportional ta the ratio of e1ectron to particle 

mass). the ionization produces. a further electron and an ion. 

!~~ Th~ ne'W electron is accelerated toward the 
1 1>* 

/ ionizatlon process. The ion drifts to'Wsrd 

anode, repeating the 
, 1 

the catuode and on 

impact liberates another electron to start a new chain reaction. 

\ . 
On the,other hand, ions a1so pick up energy trem the 

. ..". 

field and pass this energy along to the neutrai molecules. As , 
~ 

empha~ized previously, the ions do not p!ck up energy from the 

fieJ.;.d as -readily a!i electrons due to the!r greater mass. 
~ 

Renee, , . 
, 

he electrons will al'Wsys be at the highest temperature in the arc 
) " , 

"l~sma, the ions mu ch cooler, and the neutral Molecules at the 

t'emperature. As a direct consequence of such an energy 
1 

exchange tnec.hanism. in any arc plasma there is not a strictly 
~ 

thermal equilibnUÙîbetween the various CÔtlstituents. The degree 

of departure depends on the gas pressure and temperature. Many 

plasmas t. howeve(. are in a staté which does not differ very much 

from idea! equilibrium. ,One denotes this state with the term 

;ûLo~al Thermodynamic Equilibrium" (LTE). The state of LTE will 

be discussed in the second part of the literat~re survey because 

of lts importance in the definition of the plasma temperature. 

.; 

,. ., 
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A certain fraction of the energy input 18 loàt as 

radiation to the surroundings. This 1s due to the fac t that some 

of the charges 'of opposite s1gns come together b giving up energy 

in the foon of radiation by charge coalescence. This 108s increases 

rapidly with pressure and according to Hellund (1961). 1s the 

----princip~l effect at pressures greàter than 10 7 N/m3
• This subject 

will a1so be discussed further in the subsequent sections. 

Apart from the traction of the input energy l.ost as 

radiation and as e1ectrode 'losses. part of the e1ectrical ,energy 
,1 

1s used to acce1eratethe gas in ordered motion, away fr~ the 

electrodes. This i8 caused by the magneto~dynamic effect of the 
\ 

electric f,ield o~ the ionized gas. This effect constitutes the 

magneto-hydrodynamic streaming, which is ,the 'subject of the next 

section. _ 

MHD Streaming in Arc Plasmas 

Magneto-hydrodynamics, MBD, 1s the science deall~g with 

" . 

moving conducting f1uids in electromagnetic fields. With reference 

~ to plasma P~YSiC!i, the ~ord, has often a more restrictive meaning, 

~ notably that the plasma is regarded as a unique fluid in which 

• 

charge sellarations are disregarded. MHD 'theories are useful in 
~ . .. 

explain~g the pressure, gradients that exist near the e1ectrodes 

[termed as "magne tic pressure" 0,:' ''Maecker Effec t" (Somervil1e. 

1959)]. This effect, in turn, is the bas~s of several. designs 
, 

aimed at drawing the gaseous and/or Slllid reactants into the 

\, 

~ 1 

, , 
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primary energy dissip~tion zone of the are plasma (Whyman, 1967), 

(Bryant et al, 1969), (Bhattacharrya and Gauv1n, 1976),u(Sheer et 
\ 

al, 1969). The fo1lowing review ls intended to be a brie! summary 

of the informâtiob. given by Hoyaux (1968), Howatson (1976'), and 

Bhattac;harrya and Gauvin (1976). 

C' 
Historiea11y, when streams of ,partic1es were first 

observed coming fro~ one or both of the e~ctrodes, they were 

thought ta be caused by rapid vapqtization of the electrodes 

(Somerville, 1959, reference 130). It is ohly after Maeeker (1955) 

that they were attributeti to the çompressive forces exerted on the 

! 
arc by its .own magn~tic field. 

The imposed e1ectrie field in the arc column createsç) a 

eontinuous diseharge resulting in a high current frow which gives 
1 

rise to Us self-magnetie field. A force, called the Lorentfz 

force, will be created and in the steady state, this force 1a 

balanced by a gradient in the pressure P of the CUrl'ent carryi~g 

particfes, sa that in general, 

-+ -+ 
J x B - 7P (2) 

In cylindrical coordinates, taking.! axis as the axis of 
symmetry, thè radial pressure gradient is: 

r where ~ 1s the axial component of j and !e the" azimuthal l. In' 

'1 
'f 
" 
! 

~ 
/-j 

~ ~ 
j 

l 

t 
,~ 

Îï 
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~ 
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other \tords, a cylindrical plasma carrying an axial current l'of 

density 1-z whieh produces the azimuthal flux density14, creates 

an invard direct pressure gradient. 
, ,.,?" 

Since ! can be rela ted to J using Ampere' s Law, one ca.Jl. 

~I ~ 

integ;ate the above equation to Und the profile of pressure caused 

by a given distribution of current.' Based on the average current 

density' of I/'I1'R~, the pressure distrf&ution can be obtained as , (1\ 
(Bhattacharrya and Gauvin, 1976): ! -

The average 'pressure 1s defined as follows: 

(4) 

The radial Btreaming velocity may be calculated from the -r-momen1fum 

equation. Neglecting the viscous forces and assuming the radial 

v~locity has no graqient in the z-direction, one can obtain: 

v • (2P /p)~/~ 
av l, 

(5) 
, 

The JDaldJnum veloe! ty V on the axis wUl be: 
, '"'1D8X 

Vmax - 2 I2/rrPRi ~6) 

If the arc diameter 1s cons tri ted anywhere more than the 

average (as tt al'Ways 1s at the point f attachment to electrodes. 
/ 

for example) then the _current density :and consequently the magnetie 

pressure will be higher at that poin caus1:ng the plasma streaming 

, ' 
" 1 1 1 

1 
1 

'1 

l 
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(~ecker, 1955). ,Even though the pressure differential is only of 

the order of 103 N/m:2 or lass, a streaming velocity sets in along 

the axis away from the points of greater constriction. Ve10cities 

due to this MHD pumping are typlca11y of the order of 100 ml sec, 

for a stagnant ,surrounding [Reed (1960), Goldman (1963), Freeman 

(1968), and Bhattacharrya and Gauvin (1976)]. It has' been claimed 

that whether or not there is a superimposed gas flow, this MaD 

streaming would appear ta control the flow, near the electrodes 

(Free:man. 1968). 

In :.1ïdUC:ion P1asma~. the Lorentz force produces a simi1ar 

magnetic compression around the sides of the fireba11. The 

streanrlng is from the centre of the fireba11 towards both ends 

(Boulos, 1975) and consequent1y opposes the entrainment of any 
, 

r solid feed from upstream or back injection from downstream, ta the 
1 

hottest zone of,the flame. lt 150bserved that the ~gnetic force 
1 cY 

1a much higher in arc pl~SlIIas than induction plasmas. The magnatic 

pressure in an induction' device (C~ase. 1971) i5 typically of the 

-------orcier of 0.15 N/m'l (streaming velocity .. 38.73 mis at 15 ,OOOOK), 

whereas in a h:igh-current dc arc it cou1d easily be 2.5 N/m'l 

(streaming,velocity" 158 mis at 15,0000K) (Bhattacharrya and 

Gauvin, 1976). 

lt ls evident from this review that the maguetic pinch 

force is an important parameter in the design of arc plasma devices 

where inject;ion of gaseous and/or so1id reagents 1a required. 

'I 
.~ 

,~ 
.i 

\ 
'-
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Though the magnitude of this excess magnetic pressure has Ilttle 

, " 
effect on the total volume of plasma, its influence on the 

cirCulation' due ta MHD streaming i5 siinificant. ri can be 

concluded that .dnce this force is very predominant near tbe 

cathode of an arc plasma; the MHD streaming of the gas can be 

advantageously employed in drawing the gas and/or solid react:ants 

ioto'the prtmary energy dissipation zone • ( 

. Theory of the Arc Plasma 

li 

/ The physics of the electric arc ls an ei:tremely complicated 
, 

mixture of different kinds of pheno~én~: electrical, mechanical, 
d 

thermal. radiative, etc. It ls probably because of this complexitY 

that although the theory of the arc plasma has received con-

siderable attention, even the best known models are strictly 
, 

limited as far as their valldlty ls concerned and may not be 
, 

applied in an indispu~ed manner to industrlal devices. Nevertheless, 

in this section an attempt will be m,ade to summarize the information 
, 

given in the te:x;ts of' Hoyaux (1968), Kettani and Hoyaux (~973). 

and aowatson (1976), basically for two reasons: (i) to he1p in 

the interpretation of the resu1ts of this thesis and (11) to 1ay 

dow some guide1ines for future theoretical analyses of the 

transferred arc plasma. which has not yet been done. to the best 

knovledge of the author. ,\ 

\ / n ." 

Similar1y to the mo1ecular an~ continuum approaches that 

can be used in deriving the governing equat-ions of motion in fluid 

, 1 

;~ 

:,,~::t '! , 

~k .;J, 

1 :I::~l' c , 

" , 

" ' 
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, 

mechanic's, one \can divide the analysie of plasma behàviour into 

two entirely diffarent approaches. One is the individual partiele 

motion and the other consists in viewing the plasma as a 

coqtinuum. The second one is generally known as the magneto­

hydrodynamic approach. There ia', however, a basic need for 

establishing criteria as to permit the choiee of circumstances in 
\ 

which one or the other a)proach can be safely used. 
\ 

\ 
\ 

The first criterion\~s the fraction of particles which 
, 

/ 
exist in the ionized state in thermal equilibrium and i8 given by 

the Saha equation: 

1 

The Saba equation can be used to esttmate the degree of 

ionization in any hot gas'Iwhether or not carrying a discharge, for 

which equilibrium cao be aafely assumed. The variations of the 

degree of ionizatio~t X[~ ni/(ni + na)]' with T i8 shown in Figure 

2 for atmospheric argon (Howatson, 1976). 

Before one can state that a plasma regime exists st aIl, 

it must be possible~to show that the Debye radius which describes, 
\ 

t!le 'ordering of electrons about an ion .. is much less than the 
\ 

dimensions of the plasma. +herefore, the fol1owing condition 

defines the limita of validity of application of the' term plasma 

etate': 

r ' 
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FIGURE 2 

\ 
EQUILIBRIUM IONlZATION FOR .ARGON \ 

ACCORDING TO l'HE SABA EQUATION 
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Rere 1 is the smallest plas generally taken as the 

radius of the column. 

weak parallelisa ~etween 

ta note that there 18 a 

the Knudsen number used 
1 

in fluid mechanics). 

1 

For the high pressure arc pla investigation in 

t~iS thesis. the above twa criteria su 

l ' 
est that MHD simplifications 

CJ:"be used in definipg the governing 

Royaui (1973), Rowatsan (1976)1. 1 

In the magneto-hydrodynamics ap the behaviour of 

t a plasma C'an Da described in tenns Of e11 's equations and 

t fluid mechanies. 

a. Maxwell' s Equation 

These equations express t~e r,elat between 

electric and magnetic fields in a Since 

these fields are functions of and time, 

there will be a - need ~or four 

These relationships are concerned w 

conservation of electric charge. ma 

and Faraday's Law of induction of el 

force t and Ampere' s Law whieh 

field origirlating in electric 

equations can be written in vector 

fallows: 

the magneiie 
~-=-----si These 

as 

, , 
1 

\ 
... ." J~) _ ..... 1.' ... ' ~. 
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} 
l 

1 
( 9) 1 

(10) 1 , 

1 
voB" = 0 

j 

(11) 
1 

! 
1 
1 

~ -+- ~ 

'il x H .. J + an/dt (12} 

b. The MaterfAl Equations 

These rèlate ttle flux densities to the field vectors and 
~ 

the current to the electric field (generalized Ohm's 
" 

Law) : 
/ , 

1 (13) \ 

/ 
\ 
\ (14) 

., 
~ ~ -+ -+- -+ 
J '" C1 (E+cxB) + qc (15) 

c. Equation of State 

/ 

d. Conservation of 

" ... 
V'(pc) - 0 (17) 

or: (17 1 ) 
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-. 
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e. C::onservat:ion of Electrical Charge' 

~q/~t + 7·! - 0 r 

~ 

or: ~q/at+ êj/aX
i 

ail 0 

) 

f. Momentum Transport Equation 

g. 

~ -+:t" -+ 0+-
P Oc/Dt - ';] x Ji - 7: i + qE + P 'il G 

or. neglecting the effects of eJ.ectric and gravi-
~ 1 

metric fields, for cylindrical symmetry (Bird "'et al, 

1960), 

wherf!: 

Pji • -ôij P + n (auj/axi + 

3ui /axj ) - 2/3 -n 0ij aUk/~~ 

Enerlq Conservation Equation· 

For constant pressure, steady state condit:l,ons, 

neglecting V~CoU8 dissipation: 

~ 

pC c.-V!. 0 
p 

In this fOl:m, the equation represents the modif~eod 

(18) 

(18' ) 

Q 

(19) 

(20) , 

. (21) 

(22) 
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'\ 

form of file El~nbaas-Heller Equat~on °for convective 

and forced flov. In general, one must a150 

introduce the radiativrPower term.. With th):s 

addition, for cylindrical plasma, Equation (22) 

takes the form: 

S (T) + P Cp (Ui dT/IlX
i 

+ U
j 

ôT/aX
j

) .. 

a/ôx
i 

(KdT/ôX
i

) + O'E 2 

\ Tha above set of equa tions has been used by severai ·workers 

t~heoretically .analyze differen~ forma of electr;~.~arc~. 

case\, radiation, self-magnetic pinch force and convective 

In most 

terms are 

negiected, and axisymmetric, steady-state, laminar fl'ow is assumed' /1 

'CTopham. 1971), (Collen and Whitman, 1976), (Gvozdetsld.i and 
" ,-

Zrazhevsk:i.i, 1975).' In the èases\ when the' radiative terms wu not 

negiecteq, (Topham, 1978) empl.rical J;e,lations were used. Berman et 
\. • Î 

al (1974) used experimental temperature distribution in a cascade 

arc to obtain the radial t>rofil~" of the radiative power~ AlI of 

these analyses suffer from the difficult1y of assigU:1.ng empiricai 
1 

equatiollS to variations of .2" !l. and ~ with ,temperature. The 

calculation of these parameters will be discussed in the next 

section. 'ro conclude this section, it ~us:t: be \noted that, to the 

author' s best !ai.owledge, thetje exista no theoretical analysis of 

a transfer1ied arc "burning" in a jet of gas wliich emerges from' a 

converging annular nozzl.e and impinges on a flat surface CanOde). 
rD 

'as used in the present study • 

\ 
Q 

, '\ 

. \ 
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• 1 

PWMA TRANSPORT PARAMETERS 

,0 

. The transport parametet's that will be discussed in this 

Mion are t~e ·'V1.SeositY, the thermal conductivity and the 'l(r>J . ) 

electric conductivity. While the methods and results for 

viscosity will be dealt with in detail hecause of its relevanee to 

th~ present work, only refet'ences fo~ the other two will be given, 

for '. comple tenes's. 
~ 

The literature on the estimation of viscosity for 

partia11y-ionized argon i9 tather extensive. However, it can 

f 
be divided irito two, depending on whether theoretica1 or measured 

intensive parameters are used. ' In the theoretica1 studies, the 

rigorous kinetic: theory of Chapman and Enskog .(Bird e:t al, 1960) 

is generally accepted as the base. Amdur and Mason (1958) ~nd 

Svehla (1962) used th1s technique by ignor1ng ionization. It 1s 

al80 possible ~o .'Use the simple kinetic theory, hy co.nsidering a ' 

part~ia11Y ionized argon plasma .,to he a mixture of a'toms, ions and 

eiectrons, as done by Kimura and Kanzawa (1965). ~evoto (1967, a, 

b), Dre1lishak (1963), Ahtye (1965), Mathur and Thodos ,(1963), and 

1 
Kan~a and Kimura (1967) used t~e r~gDrous method f~r binary 

, 1 

mixtures (atom and ion in this c.ase), developed by H1rschfelder et 

al (1954). 

On the other hand, one can calculate the '~iscosity from 

the measured quantities. The complexity of the analysis varies 
, 

considerab1y, but basically the simplifi.ed form of the mOll\entum 

IJ 

, . ·1 
~Q)b91'f • _ ..... .....!-.I ......... --

-. ,1 

-. 
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,.J , 

equation written as: 

(24) 

is used together ~ith the axial ~tatic prJssure gradient and 
\' 

velocity profile to deduce viscosity. Bahador and Soo (1966), 

Kanzawa and Kimura (1967), Stojanoff (1968), Schreiber et al (1970), 

and Asinovsky et al (1976) used this m,ethod of ana1ysis. 
o 

The viLues of argon v1scosities at ode atmos{>here obtained 
.) , 

by different workers -a~e plotted in Figure -3 for comparison. It 

can he conc1uded that the resu+ts of Devoto (1967) can be used 

safe1y for 8,000 < T < 20,000 K. 

For the thermal and e1ectrical conductivity, tn addition 
\ 

to the already referred studies, \ the works of Qster (19\1), Knopp 

and Cambe1 (1966) and Emmons (1967) are noteworthy. The \ 

~ \ 
theoretical results of Devoto (1967) are again recommended \because 

\. 
- \ 

of the1r agreement with experimental measurements of Stojanoff 
"1 \ f) 

(1968) • 

PLASMA APPLICATIONS 

The la st twenty years have seen a considerabl,.e amount of 

research i~ the field of thermal plasma process1ng. TQ.e recent 

review articles by Ryka1fn (1976), Sayce (1972, 1977), Hamb1yn 
& 

(1977). and by Aubreton and Fauchais (1978) cover much of the 

progress to date.' In sptte of the large number of patents which 
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FIGURE 3 

ARGON VISCOSITY AS A FUNCTION OF 

TEMPEBATURE 
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resulted from these investigations, very few commercial applications 

have been developed. Before r~viewing the latter, it is appropriate 
1 

---te 1ist the chemical and metal1urgica1 operations i~ which plasmas 

"i 
may be employed, vith the most i:m.portant references: 

a. Cutting and We1dina 

[Ton (l97,s), Howatson (1976). G1ickstein (1976)]. -

b. Sphèroid1zation and Plasma Spraying 
,. 1 

[Go}-d et al (1979), Borer (1978). We1ch (1972), 

Fisher (1972)]. 

c. Melting 

d. 

e • 

[Bhat (1972), Borodachyov et al (1977), Asada and 
.. 1 1 "\ 

Adachi (1971). Magno1o (~964)]! 

Evaporation 

[Sheer et 'al (1974), Bonet et al (1974). Angier et 

~1 (1973), Everest et al (1973)]. 

P1rolY819 \ 

[Sheer et al (1979),.Garratt and Littewood (1979»). 

f. Gas-Soltd Reactions 

IThurnsfield and Davies (1974), Rains and Kad1ec 
1 ~ 

1970), Landt (1970), Sayce and Se1ton (1972), 

Bicerog1u (1978), Vey et al (1919), Heberlein et 

al (1979), Munz and Gauvin (1975)]. 

g. Gas-Solid-Solid Reactions 

[Sheer and Karman (1956), Matsumato et al (1970, 

1971, 1974); Mac Rae et.s1 (1976), Foster~eelerl 

\ 
\ 

\ 
, 

J 

1 
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! 
1 
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Tetronics (1979), Pickles et al (1976), Goldberger 

(1963)] • 

Up ta very recent1y, the,use of plaSmas as chemical 
, 

reactors on a commercial scale was limited to three processes: 

the production of acetylene (Landt, 1970), that of titani1.DD oxide' 

(Arkless and Cleaver, ~966), and the dissociation of zircon and 
, 

sand :tnto zirconia and silica [Wilks et al (1974), Thorpe and 

Wilks (1971)]. Very recently, howèver, a trend has been observed 
1 

for the production of ferro-alloys via the plasma route. A very 
, 

impressive example of this trend is the 26-ton/bour. 19.8 MW 

plasma steel-melting furnace developed by East German workers 

[Fied1er, 1976), Borodachyov et al (1977), Esser et ai (1974)]. 

!heir design utilizes three plasma arcs transferred to the metal 
1 

bath, and claims very high thermal and electrical efficiencies 

,together with easy control. 'Bethlehem Steel Corp-. of USA [Gold ~t 

al (1975), Mac Rae (1976)J, Foster-Wheeler/Tetronics of England (F-

WIT, 1979) and baido Steel Co. of Japan (Asada and Adachi. 1971), 

aIl have large capacity reactors in operation, or on the ev~ of 

operation, for production of ferro-a11oys and specialty steel. 
! 

From these attempts it can be predicted that one of the 

~jor thrusts for plasma technology in the future will be the 

graduaI replacement of electric arc furnaces by their plasma 
~ 1 

, counterparts. On the other hand, piasmas have a potential domain 

of indus trial application ,for the production of highounit'value, 

\. 
~ 
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high purity,metals, metallic compounds and refractory materials. 

CONCLUSION 
t 

The literature on plasma technology discussed in this 

section indicates that the experience with la~ge-scale plasma 1 

operations seems to have imprbved the prospects for their indus trial 

commercialization considerably. Becauee of their advantages over 

the other plaS1l18. devicas., the transferred arc plasmas will play a 

very important'rola in these applications. However, befora the 

design of a plasma system can be undertaken, it ia 'imperative that 

â much better understanding of the fundamental principles under-

l " 
lyin8 the operation 'Of transferred arc plasmas first be ohtained. 

9nly then can the vast amount of kinetic data already existing 

about high-temperature reactions yielding a product of high unit 

value be used for the effective design and control of plasma 

reactors. 

II. PLASMA DIAGNOSTIC METHODS 

In one sense, plasma diagnostics are coexistent with the 

"trthole of plasma research. 1 
It 18 difficult to think of a plasma 

experiment which does not incorporate different means of sampling 

and/or monitoring plasma properties. Indeed, one cao say that 

progress in plasma r'esearch can be' aS8essed by the dev-elopment of 

1 

its meaau;em.ent techniques and the adequacy of the accompan~./ 
~ 1 
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(: , 
theoretical analysis. Because of this importance, therefore. it 

. is not surpr~sing that plasma diagnostics are not the demain of a 

-~' single science onlY. but rather have a somewhat interdisciplinary 

Cl 

character. borro~ing their methods from ~ny branches of physics, 

mathematlcs and engineering. 

The domain of plasma diagnostics i8, in turn, very broad; 

it~includes the measurament of the microscopie properties such as 
• - '1 

électron and ion densities, and macroscopic properties like 
J 

electrica~ and magnetic field~. From a chemical ~ngineering point 

. of view, however,. the tempeiature and velo city of the plasma 

stream are the basic parameters required for the study, design and 
1 

control of the plasma systems. Thus, for the purpose of this thesis, 

the, meaning of plasma diagnostics ia narrowed greatly te include 

oo1y these two parameters. 

, In this section, vadous diagnostic techniques used, to 

,determine the temperature and velocity of the plasma are d~scussed--:--­

The texts \ by Lochte-Holtgreven Ç1968"). Taurin (1966), Huddlestone 

and Leonard (1965), Herzfeld (1962), Howatson (1976) and Kettani 

and Hoyaux (1973) ~ere used as primary sources of information. 
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TEMPERATI!RE 

Definitions and Technigùes 

i. Meaning of Temperature 

, 
, i A knowledge' of the t~perature of the plasma is,e9sential 

for the study of the physical and chemical processes occurring in a 

plasma. To fully appreciate this property, one has to undèrstand 
\ 

the physical definition and in~erpretation of the temperature of a 

gas in general. 

/ 

It ia convenient to distinguish between the definition of 

tempe'rature as a thermodynamic concept, and the interpretations of 

temperature in tenns of atomistic processes pf ener"gy transfer. A 
\ 

widely accepted def~nition of temperature 19 the one, given by 

Taurin (1966) based,on the concepts of a thermo~ynamic state and 
1 

the~l equilibrium, as summarized below. 

1 

An isolated thermodynamic system left undist~rbed for a 

sufficient t1me will maintain constant, values of lts state 

variables (such as pressure and vo~wne). Such an isolated system 
\ 

1s said to be in "thèrmal equilibriwn." When two isolated systems, 

both in thermal equilibrium. but with different values of state 

variables are brought in contact, either no change in etate 

variables i8 observed (in which case the two systeIl1S are said ta 

j~e-rn equ11ibrium,with each,other); or the state variables of both 
1 

systems chàn~e. and follow a transfer of energy. both systems 

/ 

'j 
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" 

come to equilibtium again, each with its own new set, of values of " , 

the, state variables. Thus, it iS,evident ehat thermodyn~c 

systems can be grouped in classes, such that the mèmbers in à 

certain class are in equilibrium with each other. Such ~ 'grouping 

o! thermodynamic systems into c~asses defines a variable which has 

a certain common value for aIl systems in a class. but different 
, 1 

values for other classes of similar systems. This variable is 

said to be "Temperature,. Il 

Agas consists of molecules - monatomic, diatcrmic, 

polyoatomic. A plasma contains ions and electrons in ~ddition. 1 Each 

of th'ese gas particles has a certain degree of freedq,m attached to 

it (for ~ple. excitation ~d ionization, for an ion). Each 
l , 

degree of freedom of the gas particles can be reg~rded as a thermo-
1 

dynamic system. and each such system has a temperature. Under 

normal ambient conditions, these degrees of freedom are in 

r 
equilibrium and therefore onel would expect the same temperature. to 

be given whatever experimental technique is used. This is not 

necessarily true 'When considering plas~ "temperatures, since the 

various degrees of freedam have' differeQt relaxation time~. As a 
1 

. consequence of this, in coo1ing of agas fram say 10.000 K ,to 

1.000 K, the different degrees of freedom can get "out of stepU 
Il 

and tt' is P08sifle to simultaneous1y assign to agas "tem.peratures" 

differing by several orders of magni~de. 

In arder té explain tbis situation, the various 
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, \ 

int temperature and the main experimental tech-
"- \ 

niq es appropriate to each in~rpretation i9 outlined in the 

foll wing sections based on thè~exts of Taurin (1966)'and Lochte­
"-

(1968),' This is followeJ' y a discussion of the 

of equilibrium and diagnostic t~ iques. F..ina11y, based 

compàrison, some fundamental definit ns required for the 

ique used in this thesis are given, ~. 

l , 

iL The Translation (Kinetic) Temperature 

The kinetic (translation) temperature of agas is a " 
1 

of the mean' kinetlc energy of the gas particles, In the 

theory of gases (Moore, 1961), it is shown that the 

of particles (Ân) of agas at absolute temperature 1 fracdo 

having\ a 

'Law: \ 

ocity between ~ and v + ~v, is given by the Maxwellian 

(25) 

where is the total number of particles with mass ~, and k i9 ï _ -
BOltzm4nn's constant; the mean particle kinetic energy! ls 

related to temperature âs fol1ows: 

Ë • (1/2) mV~ - (3/2) k T* (26) 

1 

where ;~ is the mean square velacity of the distribution defined-by 
, 1 

'Equation (25). The kinetic temperature 1* may be defined as that 

temperature whlch satisfies Equation (26), and thus ls an ~dex of 
1 

"\ 

1 • 
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" the kinetic energy of the gas. Note that the k!netic temperature 

T* is an interpretation of the quantity ! which appears in Equation 

(2~) . 

A common technique of measuring kinetic tempe rature i8 ta 
\ / ,-' 

allo~'a solid (or liquid) device to come to thermal equilib~i~-'W:ith 
, ~ // 

the gas and to compare a change in BOlIle propertj ~i '~hEf cle.vice with 
-,' //,' 

the translation te:mperature of the gas'. Typ~éal device~ are thermo­
///',/\: 

,couples, mercury-in-glass the~coupies and resistance gauges (Herz-
~/ , 

feld. 1962). These devtcés are, susceptible to large errors because 
, 0 

th& assumption that the devi~e temperature and the gas temperature 

are eqùal i8 not always true. In thermocouples, for example, a 
\ 

correction has ta be made to account for the heat lasses from the 

junction by radiation and conduction through the support. Bradley 

and Mathe~ (1968) presented a model for obtain1ng actuai gas 

·temperatures from thermocouple readings. The largest limitation o~ 

these tefhniques is the restriction on the gas teurperatut;e level 

(~ess than 2,500 K). Chu and Gottschl!ch '(1968), Polyakov et al 
\ 

(1978) and Chevela et al (1975~ used thermocoufles tn the regions 

of the plasma where the kinetic temperatures were,befow 2,500 K. 

1i!. Rotation-Vibration Temperature 

A diatamic molecule consista of t~o atama, the nuelei of 
\ 

which are aff~cted by intermoleeular forces in such a way that the 

nuclei vibrate about equilibrium pOSitions along the internuclear . 

axis. At the same ttme, the nuqlei rotate aboutlthe1r comœon cantre 
\ 

\ 



1 

,1 , 

, \ 

( 

t 

t 
~ 
" , 
~ r 
1 
l 
t , 
l 
1 

! 

i 
r 
t 

,- \ 

'\ 

'" 

(~) 

43 

, / 

of mass while the electrons de scribe orbits about the individual 

at'Otns. The total energy of the molecule can be assumed to be 

" ,composed of the contributions of the electronic energy, vibrational 
\ 

energy and l;otational energy. The distribution of thia energy ia / 
, 

governed by the Maxwell-Boltzmann Law and it la therefore possible 
, 

ta define the rotation-vibration temperature as directly proportional 

'/If. 
ta the mean rotation-vibration energy. The rotation-vibration, 

temperature is determin,ed from the measurements of- the intensity of 

the molecular bands. This requires the knowledge of electronic 

transition probabilities of diatomic ;bands. The experimental 

determinations of the la~ter ,are scarce and contain uncertainties 

(Lochte-Holtgreven. 1968). Therefore. the meth~d to evalu.\lte 

tempe ratures of plasmas from the intensities of the bands (rotation-

vibration,temperature) ls applicable in very few cases only. Smith 

and churchill (1965) and MOrgan and Nichblls (1970) used this method 

for argon~nitrogen mixtures and both could only claim an accuracy' 

of ±20% for their results. 
, , 

iv. Electron Excitation.Temperature 

An atom can acquire eriergy in the form of elec;ronic 

excitation. ,This gain in potential energy 6ccurs when eD'ergy 

gained by collision causes' an orbital electron of the atom to be 

relocated in @ orbit of higher energy value. The electron in 

this higher energy State may sub8e~uently make a spontaneous 

transition to a lover lever with t.he euU.ssion of a photon of 

\ 
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light having an energy equal to tJte difference in th~ energiea of 

t~e upper and lower leve1. The frequency of the photon ia 

proportions1 ta this energy. The intensity of the radiation ls a 

functlon of the concentration of the excited state which 1n turn 1a 

a function of the temperature. This temperature is.referred·to as 

"Ele-ctron Excitation Temperature." The measurem.ent of intensity of 
\ 

emitted radiation fram a gas forma the basis of spectroscopie. 

temperature measurement (Taurin, 1966) and the several techniques 
, \ i 0 

- employed in spectroscopie diagnostics will be discussed 1ater. 
{. 

v. Electron Temperature '\ 

, 
In the same manner as in the case of translation (kinetic) 

temperature, one can assign a temperature T which iscproportional 
-e 

,0 

, to the mean kinetic energy of translation of the electrons. It:l.s'" 
~ 1 

usually éstimated from the variation in the eurrent drawn from a 

wire as the voltage bias of the wire ia changed. This ia the basi~ 

of the Langmuir.Probe and various aspects of this technique~have 
" 

been discussed at 1ength 0 by Huddlest'one and Leonard (1965), Lochte- Il 

Ho1tgreven (1968) and Howatson (1976). For high pressure plasmas, 

use of Langmuir ,probes 1a not recommended (Schott, 1968). 
'\ 

vi. Eguilibrium 

Tha system. of interest in this ~hesis i~ a transferred arc 

argon plasma which consists Qf argon atoms, argon ions and electrona. 

Follo~g t~e previous interpretàtions of temperature, one can 

/ 
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consider two translation temperatures (for ato~~ ançl i0IT-~)' two 

electrenic exoitation temperatures (for atems ~d ions) and onè 
, , 

,lectron temperature for electrons. These temp~ratures will be 

equal if a state of complet'e thermodynamiq equilibrium is,.;-,attained .1 

in the plas~. Actually, on 'a formaI basis, it is improyer ta " 

~~llk ,abou~ "T\~peradlre'! unless a~l the degrees of freedom of a 

gFlS are in mut~l eq-uilibrium. On the other hand, a true thermo­

dynamie equilibrium can"exist in a system on1y when it la 
> ~ 

completely isolated and doss 'not exchange,mass, momentum, or 

energy with the surroundings. ~n such a system, the total energy 
, . 

content,is constant and the energy ~istributions for the'various 

states are 'determined by a unique temperature.' E~ch mechanism of, 

energy'exchange in the system is exactly balanced by its reversé 

(Aller, 1963). A 1aboz:,tory plasma system like the on~ used in 

this thesis exchanges '~~.rgy Wit~ the .urrounding bY"~\itting 
radiation, and hence cannot be in complete thermedynamic\eqUilibrium. 

"J'\ ' 
Relaxatiott of the strict definition o~\equilibrium is t~èrefore 

1 necessary, if the concept of temper~:ure is ever FO be 1Fvoked. 

lt has been shawn that temperature la a constant of 

equilibrium and in this view a temperature gradient, (an inevitable 
. .....~ 

consequence of energy 1088 to surrounding) is a contradiction in 
, 

terms. However, if t~era~ure ~s regarded merely as a, property 
:, , l 'J 

of an energy distribution, wh1ch cau vary in space. then the idea 
" . / ' -

of varying temperature can be accepted; moreover. if'the 

. "" 
distributio~' i8 not cl)anging too qui'Ckly in speca or time:. it will 

'. 
1 J 
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, • t- , 

remain close to the -equilibrium forro at every 'point (Howatson. 
t 

1 

1976) . So on~ fs led to the id'ea, of "Local Thermal Equilibrium" or 
~ 

LIE. Thus, for al'Plasma::èxhibiting LTE. the' ~el0ci~Y dis~ribution 
of the' atems, ions apd electrons 1s ,Maxwellian, the distribution 

' ..... 
of p~pulation densities of excited atomic states is Bolt~nian. 

and the distribution of atems and ions obeys the S'sha equation at 
, , 

, 

each point ln the system (Lochte-Holtgreven, 1968). The radiation 

'> {. Il 

field, however,' is neF black body (given by the Planck function), 

but 'is a line spectrum 'characteristic of the element and i9 

dE\,termined by the Einstein relation. A gradient in the local 
t _ 

temperature may exist, but the relative change must be suffic1eIJtly 

small 50 that a particle subj,ected to_ such a change has time to. 

'*' 
equilibrate. Then, steady-state distributions are established st 

each location in the plasma, and the local temperature sp~cifying 

these dis tribut ions has meaning'. The change in temperature, in 

effect, i5 continuous. Thus, the system can be subjected ta: a 

directional flow of, hea~: mass and change, although at each point 

there 18 a restriction on the amount transferred 8uch that it must 

be small in comparison ta the' total contellt of the system. 
1 

Similarly, there could be a time restriction on the interval of 
, 
, ' 

measurements in terms of the relaxatiéfn Ume of th~ species. Jn 

plasmas, LTE will prevail as long as collisional rate.processes 

amang partieles not directly conneeted with radiation?energy 

transfer are predominant, the radiation rate processes being small 

in comparison. Then. the distribution functions will be determined 

" . 

f , j 
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by partiele celliSien~Which tend te equilibrate the various forms 
1 

of energy distribution CSampson, 1965). 

LTE in argon plasmas has been the subject of many studies. 

R1pr~se~tative of the theoretical studies ls the work of Greim (1963). 

Ols en (1963). Bober and Tankin (1970), and Niimura et al (1974) are 

amongst -the workers who investigated LTE experimentally. Olsen 

(1963) independently measured the excitation temperatures of argon 

atoms and argon iensQand found them to agree in his atmospheric 

pressure plasma. The conclusion, which always s~ems te be reached 
n 

: for plasmas ,st at'lnOspheric pressure and abové (Preston, 1976), ia 

that'the system ls very close to equilibrium and that approximately 

thé same temperature cau be assigned ta translation, eleetronic 

excitation. and ionization. In the cases where departures from LTE 

are observed iimura et al, 1974), it is genera11y restricted te 

trode regions and to the arc periphery. the e 
1 / 

A~ stated by 

~aùrin (1966), the importance of non-equilibrium in spectroscopie, 

temperature measurements has
l 
sometimes been exaggerated. A 

spectroscopie anomaly which might be caused by non-equilibrium will 
" , 

of tan turn out to be caused by self-absorption, severe temperature 

gr~dients, oC;: the us'e of incorrect spectroscopie constants in 

calculating the temperature. ' 

" 

Baiora concluding this sectio~; the work of Dundas and 

'!horpe (1969) on the effect of eleetron' eonèentration, gas pressure 

and ratio of electric field strength has ,to be mentioned. They 
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-found that at h h electron de~sity 

'" translation temp raturas agree.' but 

(>lO,3/mm 3) ,eleetron and , 
J 

at l'wer c'o.ncentrations, the 

electron temper ture can be an order of! gnitude higher. The SaUle 

.ffect appears wi~ da.re ••• of pr~.s~r1.' t high ratio. of 

electric field str~foth to gas pressure i !>l(v /mm) / (mm Hg)] the 

electron temperature cau be two orders df magnitude higher than the 

translation temperature. 

DIAGNOSTIC TECHNIQUES FOR PLASMA TEMPERATURE 

Temperature measurements in plasmâs can be made eithet 

wit.h the aid of insertion probes, or by optical methods, or by a , 

\ , 
" l 
i 
~ 

\ 
,~ , 
1 , 

combination of both. ,\ 

1 

i. Probe Techniques 

In aU diagnostic techniques which depend on the insert\on 
~. -" 

of a matetial probe into the plasma, there i8 always an irreducible, 
" , 

though in many cases small, disturbance of the local plasma 

conditions. These methods, ~however. more than make up, for this 

disadvantage" by (directly) yielding local information, usually ;with 
1 

good spatial resolution. In many' cases, a1so, an upper bound can 

be placed on the disturbance caused by the probe. 

1 

The various pr~bes used in the me~urement oi high 

temperatures can be classified into three categories. according 

ta Grey (1965): pneumatic devices t heat-flux gauges and calorilDetr1c 

samp1mg probes,. j pneUJl14tic probe relies on the ap~~icationl of 
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the continuity equation to a sample of the unknown ga's continuous1y 

flowing through two sonie orific~s. The temperature of the gas at' ' / 

,the stagnat~on 'point can be determined fram (Simmonds and G1awe. 

1959): 

(27) 

This requires that the pressures of esch constriction 

(!l. and !2), the temperature at the downstream. constriction (12), 

the area and dijicharge coefficients of the constrictions (Ar and ~) 

and the val.ue of~ Ca (vhieh 18 a known function of the ratio of the 
1 -

specifie haats) are known~ 

This method has several drawbacks in that it needs pre-

calibration of th~ non les • ideal isentropic flow must take place at 

each nozzle. a certain degree of suction i8 required when the total , 

pressure is low, and the nozzle ratio must not change between 

cali'Qration ~d actual operation:. SiI;lce the nozzle ratio is a 

, ' 
function of the fourth power of the nozz1e diameters J slight 

expansion effects in the first nozzle (expected wh en measuring h1gh 

, temperatures) can cause errars of the order of 10% in the stagnation 

temperature (Grey. 1965). 

Heat-flux gauges measure tJle hast transfer rates across a 

ealorimetar surface (usuall.Y normal .to: th,; flow velocity) at a 

known or 1I1easured s tagnat:ton pressure. The plasma enthalpy or 

temperature is dec;f.uced from the heat flux vith the application of la 

C' 
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theoretical analysis. Thus, a pr~requisite for this method ls 

calibration or kn~wledge of'the relation between ~he heat transfer 

rate'and the gas temperature. The main sources of error in thls 

technique are inaccuracies in estimating heat transfer ta or from 

t~ insulating jacket and the finite area Qf the gauge face 

required for adequate resolution, which reduces the validity of 

stagnation-point heat transfer assumption (Grey, 1965). 
\ \. 

Calorimetrie meth~ds determine the local enthalpy of the 

gas by cooling a small amount of sample of the hot gas and measuring 
1 

the amount of heat transferred and the final temperature of the gas. 

Grey et al (1962, 1964) developed a probe called "tare-measurement 

• calorimetrie probe" capable of measuring gas temperatures up to 

15,000 K. The change in coolant temperature was observed for the 

case when the valve in the gas sample line was closed and when lt 

was open. The dif.ference was a measure of the heat lost by the gas 

sample which in tum gave the gas temperature. The accuracy of this , 

method depends heavily on duplicating the flow conditions near the 

"'" 
pr~be tip in the flow and no-flow cases. 

-. 
( 

In a later paper, Grey (1968) describes two other geometries 

of calorimetrie probes. He first points out that the above method 

can be used only in large heat flux environments. ,Its principle 

disadvantage, he maintains, is lack of sensitivity at lowe~ heat flux 

conditions eaused by' ,small differencel; between two large n~,ers 

(tare and actual measurements). For lowèr heat-flux conditions, 
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the fully-iso1ated non-taré measurement probe was recommended. Th~s 

has an insulation section between the cooling jacket and the 

calorimetrie part. The enthalpy measurement i8' then obtained 

direct1y without the need 'of a tare measurement. However, in very 

low ambient pressure conditions. such as those encountered in most ' \ 

hypersonic flows. the gas sample energy i5 50 5mall that th~ coolant 

flow rate cannot be reduced sufficiently to produce a measurab1e 

temperature difference. Moreover, the stagnation pressure is too 
j 

1 J 

low to drive an adequate amount of sample gas through the probe. 

""" Under these conditions. the sharp-inlet shoèk-swallowing probe was 

'tr(acommended. 
'-,~~ 

, 
, 

\ 
~ 

\ Katta et al (1973) used an iœproved. double-jacketed non-. 
" tare probe. designed by Grey, for axial temp.erature measurements in 

argon and helium plasma, jets, in the rang~ of 2,000 to 13,000 K. At 

" the high temperature level (12.000 K), the probe measurements '~greed 

with the spectroscopie d~ta reported in the literature~ while the 

values in the lower r~ge were confirmed by thermocouple readings. 

They conçluded that the probe,was capable of good accuracy (5% etror 

estimated), but great care had to be exercised in the setting up of 

" the coolant flow rates, making its use rather time-consuming. Its 
<JI 

vulnerability to an aggressive gaseous environment was also noted. 

Smith and Churchill (1965) measured plasma jet tamperature 

,bath spectroscopically and by a calorimetrie probe. Tbeir results 
, 

showed that reliable entha.J.py data could 'not be obtained by us~g a 
" 

/ 
/ 

/ 

" 
'" ", 

" 

1 

l 
, l 

" , 

-' ; 
" 1 . 
A 

" 3 

~. 

" 

" ,~ 
}'J -, 

~$ 
, <fJ~ 

,~ 
''1; 
'1Î, 
~lf 
! .~ 
ij 

\1t'f , ~ , , . 
1 

-", 
i'1 
'~ 
f,~ 

;.~ 



, 
i' 
f 1 , 

( 

( 

/-~-y 

/ 

-- ,\ 52 

sampling probe 'due to its dependency ~m the sampling rate. At too 
1 

low sampling rates; the sample is drawn only fram the cold region 

near the probe and at too high sampling rates a greater portion of 

the gas which normally flows past the outside of the probe is drawn' 
o ' 

through the samp1ing probe. Both of these effects result in a lower 

than aètual enthalpy value. Differences up to 4,000 K were found 

between the temperatures obtained by the two techniques. !Ois 
1 • fi 

discrepancy was also observed by Ch1udzinski (1964). Similar 

resufts to thoae of Smith and Churchill were obtained by Rare (1972). 
1 

His results also showed that in'regions where both thermocouples and 

entna1py probes could be used to measure the temperature, the 
-

thermocouple always indicated s1gni!icantly higher temperatures. 

This view, however, was contradicted by the results of Incropera and 

Leppert (1967) who measured 'radial temperature-and velocity profiles 

in a de argon plasma jet, using both calorimeter and sp~ctrophoto-

mater. - They claimed 1 ,that. as long a.s the flow conditions are 

°duplicated for actual and tare measurements (they did not say how), 

both rasults agreed within a Ifew per cents. 'Spectroscopie methods 

were found ta be more accurate over 12,000 K. Below 10.0001 K. they 

agreed with Hare's findings that uncertainties with probe measure-

ment rise !to excesaively high values. They suggest, however. that 

~re ~eliab1e rasults can be obtaioed by choosing a suitab1e 

cooling floV rate. 

1 

i'. 

'1 
) 

1 ,< 
, .~. 



\ , 

f , 
" i 

l r 
1 

t 
t 

1 

1 

53 

ii. Optical Techniques 

The spectroscopie techniques, which group together a 

relatively large number of different methads, are ~he mast important 
\ . 

ones or t~e optical t~chniqueB used for plasma temperature me~sure-

ments. Spectroscopie température measurements based on Line 

Emission and Continuum,Emission will be mentioned only in this 
-' > 

section. 

a. Linë Emissi!on 

As mentioned earlier, an electron i5 an excited state can 

make a spontaneous transition to an orbit of lower energy value by 

• emitting radiation. Such a process between quantized states 

results in a characteristic spectral 1ine. The volume emission 

coefficient for this 11ne depends upon the number of downward 

transitions per second, whic~ ls express~d in terms of the 

concentration or atoms. in the higher excited energy level lin and 

the,probabiLity pe~ second for the transition of interest A 
, -nm 

(knowp as the Einstein~s spontaneous transition probability) , and 

upon the energy associated with the particular transition, which la 

related to the wavelength À by: 

where~ E ,E • E.t?ergy of n m. ~ 

En - E • he/À -r 
upper level n and lower level m - , ' -

(28) 

respectively, vith respect ta the ground leve1, h·'. Planck's 
/' 
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'The Einstein relation th~n for the 1ine emission CO-, ' 

efficient is (Lochte-Holt~even, 1968): 

, 
Equation (29) does not depend on the existence of any' 

\ 

(29) 

equilibrium condition and only involves constants of the particular 

species. If LTE conditions prevail, a"Boltzmann distribution can 

be assigned to the populations of the excited states, and the number 
\ 

density of atoms in the upper state N is related to that of atoms , -n 

in the lo~er state N by: 
-0 

N • N ·(2 /g ) • exp(-(E -E )/kT) 
n 0 -n 0 n 0 

\ 
where, g • g • statistical weight of the upper and lower energy 

n 0 

levels, k • Boltzmann's constant and T D temper~ture. 

(30) 

Summing up the discr~te energy levels of the excited atomic 

states up to the 1onization ~ergy, with the energy of the lowest 

leve1 taken as zero, the Boltzmann, distribution becomes: 

N • N (q-/U ) exp(-E /kT) n a n a n 
(31) 

where Ha 1a the total number density of atoms and !!.a' the interna! 

partition funë~ion of the atom defined as: 

, (32) ~ 

The atomic number density ls obtained fram the Saba 

equation and tbe ideal gas 1aw. The partit~on functions for atoms 

, 
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and iona have bean calculated by various workers (Olsen. 1961, 1963), 
, 

(Drellishak et al. 1963). The equation for the line amission co-

efficient becomes: 
) 

(33) 

The values of the transition probabi1it~es. A ,are different :oor 
-nm 

';'-
each spectral line. In practice, for atoms like argon, they must \ 

be datermined experimentally. \ !WO exparilnental approaches are 

possible. One is seeding hydrogen into the argon plasma. Since 

the transition probabilities for hydrogen 1ines are known from 

quantum mechanics, one can determine the plaSllla temperature. The 

argon transition probabilitie~ are then calculated fro~ the observed 

argon line intensities. The other technique, known as ~he Fowler-
" , 

Milne method. ~ses on1y the observed argon spectra. This method 
\ 

will be described in the following section. Adcock and Plumtree 

'(1964) sUIIDIlSrized various deternrlnations of argon transition , ,--r- l 

probabi1itièS. For some 11nes, the valués found by different 

workers differ by 8S much as a factor of 2. 

/ 

r~Sing1e-Line" Temperature Determination 

Equation '(33) can be used to determine plasma temper~tures 

from the measurements of e1ine• if the transition probability of 

the line ~s known. 

sincè U and N are -a -a 

The calculation ~ by trial and error J however J. 

functioDs of the ~mperature. In practice. it 

is somewbat easier te use tabulated values of U and N at the 
-a -a 
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.. 
desir.ad pressure and temperature. and prepare a plot of, Eline as a 

1 

function of temperature. Under certain circumstances t a single line 

can be used for temperature determination even if the transition 

~ probability is not know. This method.- known as the Larenz or the 

Fowler-Milne method, makes use of the fact that the intens1ty of a 

'" line goes through a maximum as the temperature ia increaséd. While 
.' 

the exponentra1 term in Equation (33) increases with temperature, , ' 

Ha decreases. The net resù1t is tha t an ~ntensi ty maximum exis ~s t 

sayat about lSyOOO K. Now if tqe plasma source contains temperature 

gradients. and if the temperature i9 known. to be above 15,000 K at 

some point F the position of the maximum intensity in 'the spectro-

'scopie measurement corresponds to 15;000 K. The relati:ve values of 

emislion coefficients then give the tempenture ~istril>ut1on and 

transiti6n probabUities. This ,method of plasma t~mperatur'e 

measurement has been used by Olsen (1963) t Knopp et al (1962). 

Gottschlich (1966) t Meubus (1969), and tncropera and Leppert (1961) t 

to list a few. The te~erature detetmination from this method 

suffers from tbe fact· tha~ tbe maximum of e:(I) i9 not Sha*. 

!herefore, unless the te1Jlper~ture gr,adient in the plasma aither in 

space or in Ume 1's very large, temperatures can be determined with 

poor accuracy only (Lochte-Ho1tgreven, 1968). 

"Mu1U-Line" Tentperature \ \ 
\ 
\ 

Dy compar:1:ng the ,!J;ltensities of two (or more) spectral 
o 

Itnes, tamperatures cau be dete~ed from relative, rather than 

. , 
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ab solute , values of emission coefficients and transition 

probability. If t~~ line8, belonging ta the same at~c species, 

aré considered. their ~mission coefficient ratio is given as: 

~ 

elineJElin~1iI .. A1 g1 À:a/(Aa8a Àl) o exp [-(E1-Ea)/kTJ (34) . 

Thus, the partition function~ !l.:t and the number densities of 

partic1es in the ground state lij, ~ppearing in Equation (35) cancel 

out: 

As pointed dut by We1eh (1972), the accuraey of the 

temperat~r~ d~te~ination depends on the enèrgy diffe~ence (El - Ea) 

as can be se~n in the following equation obtained by differentiating 

Equation (34): 

(35) 

Unfortunately, in many cases the energy difference (El - Ea) 

is below 2ev and in addition, the uneertainties in the values of the 

transition probabilities magnify in the ratio (Chuang. 1965). 

Accuracy may be 1mproved by averaging measurements of 2-11ne pairs. 

This averag:1ng can be done also by p10tting the log (f:'llt. a) against 

(E, - Ka) for-several pairs: in whieh case a straight line will be 

obtained whose slope yields, the température. But for !nereased 

4ccuracy, the range of (El - Ea) should be as large 8S possible. 

A, complete IUst of a11 the workers that used the "multi­

line" tec~1.que will not be given here since they are numeroliS 0 
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~:.work of Adcock and Plumtree (1964) is qUite\ representative. It 

~s ienerally preferr.ed over the single ~ine technique sin~e the 

validity of LTE can also be checked fram 10g-108 plot (Richter. 

1965). However. a high degree of reprod~cib11ity of the plasma 

source i8 required in order to co1lect the large, amount of 
/, 

spectroscopie data neceli!sary to reduce the random uncertain~ies in l;) 7 

u 

,- the log-log fitting proçedure and hence yield an accurate resultant 

temperatur~ (Preston, 1977). This may-axplain the scatter observed 
1 • 

, " 

in the results ~ of various investigators including Carleton (1970). 
/ 

Glickstein (1976)' and Tidwell (19~2) • 
• 

~ 

The requirement of large energy differences of the upper 

level (El - E2 ) lead~ to thè us~ 'of lines ~rom different ionization 

stages. Here again th~ number of atomic species cancels, but. the. 
, c, 

sum._of srates U cancels no 10nge1\. ( In addition, the transition 

! 
probabilities, of the lines ar~ r:qU~~ed and the ~8um.ent of ~huang , 

bolds here agaiD. lt 1s interesi:d:n~ to note that): ch (1972) in 

his Ph.D~ thests, used lines from different ionizatton st ~~ but 
, c:; 

tDistakingly <?ancelled the partition functious, Y.t. 
r 

b. Con tinuUlll Emisdon \ ( 

In the radiation em:f..tted by a pl~~ the discrete spectral 
\ 

lin.s are superimPfsed o~ a cont1nuous spectrum •. Cou~inuullr em1ss1on ,<, 

:-eaults from transitions involving free electrona woae eneri1 ia 

unquantized. Thare are two types of electron trmsitions: free-
,,0 • 1 _ <) ~ 

'frae (or br~strahlun~) ~eh r~ault. whèn. the electron UDderao~s 
• c 

\ 
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an accel~Jation 'in the field of another cha~~tiçle. and 
1; 0 \ 

free-bound (or racombination) which r~sults when the electron 1a 

captured, into the orbit. 

v 
For the free-free transition, assuming a Maxwellian velocity 

distribution of el~~ons with a temperature 1e. th~, emission co­

efficient followa irom Kramers' calculation as (Richter. 1968): ' 

,0 

'" 

wbere, Cl· 16''lre'/{3c2(6mn3k)~/~) ,. 5.44 :8:]10- 39 cgs units. 

electrqn density, N ,. density of ~ons at level z. Z ,. nuclear , z 

. Charge (z,. l for singly ionized, etc.). 
o 

Equation (36) 1s, strictly speaking, only valid for 

hydrogen-like atoms. To applly ta argon radiation, a ~&ctor . 

(36) 

N ,. 
e 

G (\1, Te)' called· Gaunt factor, 19 introduced. Karzas and Latter 
z ,. ~ ~ ~ " 

(1961) have 'calculated·C (v,'! ) quantum-mechanically. 
z e . 

On th,' ether hand, the emission coefficient for the 

" re.~omb1nation or free-beund radiation" 1a given by: 

€fb (v,Te) -,'Cl N/T/1'l I: z'lN
z 

g/U
z 

'Z;z ('.l,Te) 

[1 - exp (-h\l/k 't )] e 
(37) 

\ 1 . 

Bere, again, /;z (\I,:re ) i8 't. factQr which takes, deviat10rls 

from hyd;roaen-like behaviour, into consideration, and is generally 

L'as Biberman factor (Bibe~ and Norman. 1960). ~e v~lue of 
J 

this factor, which depends ~ch on the frequency ~, a~ rather little 

, , 

r 
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.,.. 
on temperature T " was later re-calculated by SchlUtter (1964) and 

-e 1 

exp:erimentallY determined by Schulz-Gulde (1970). 
r 

Taking free-bound and free-free transitions togetber, the 

continueus ~adiation of plasma ls described ,by: 

+ ~ (\l1 T ) g lu (1-exp(-hv/k't »] 
z e z z e 

(38) 

At h:j.gh frequence8 .,-Ch\l/kTe) » li the continuum iB reduced 

te the recombipation cohtinuum (Venugopalan, 1972): 

(39) 

(where, for sûnplicity, gz/Uz i8 taken as 1). 

At low frequencies (hv/kT ) « 1, the continuum radiation e 

is emitted by the free-frae transition: 

(40} 

Equation (38) or it~ simp1.ified forms Equations (39) and 

(40) (as in Most csses) can be used for tempera.ture determination. 

It has two important adv811tages over the diagtlostics based on line 

emissions: it ia easier t~ correct for the opticalll thick plasmas 

(where plasma a1sorbs some of its moth rladiat1o~), and it càn be used 

even when the plasma ia out of equilibrium, provided that "'the electron 

velocity distribution is MaJewellian (Venugopalan, 1972). However, 
o 

, 
l 

on the avera~e;, the continuum euü.s8~on coefficient ia about an arder 

1 ... __ z_.__.....,.. ..... ___ ~.......,....- f -~- "-----.-
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of magnitude lower than the strong 1ine emission coefficients 
, 

(measured at the 9ame wave1ength) and thus integration over a'wide 

wave1ength range i~ requ~red, introdu~ing the ~O~sibility of ' 

interference from other so~rces of radiation (Huddlestone and 

Leonard, 1965~. Most'workers used continuum emission measurements 

as a check for LIE (by comparing with 1ine emission), rather thao 

as a diagnostics tool by itself. 

Cl 

To-be able to.use continuum ~ission for the above 

purposes. the values of G \ (v t T ) and 1; (v, T ,) mus t be known. As 
z e z e 

l' 
stated by Schulz-Gulde (1970), an accuracy of 20 to 25% can be 

expected for' their values. whicn change between 1 and 2 for most of 
l ~ 

the visible range. It is thus not very surprising to see tha~t /? 
~ 

Olsen (1961) obtained very good agteement between temperatu~es 

obtained from line eu.lission and continuum emission measurements,1 

'a1though he assumed unit y for the correct,ion factors. In his 1ater 

worka (1962 and 1963a) Olsen used Fow1er-Mi1ne (or Làrenz) method 

(i.e •• on a normalized basis) for the continuum emission temperàture 

determination and thus ignored the temperature dependence of the 

correction factors. A value of 2.3 was obtained for the whole térm 
l 1 ~ 
1 

in square brackets in Equation (38) for 5535 A 0 (01sen, 1963b). 

This value was confirmed by the measur~nts of Bott (1966). 

Schulz-Gu1de (1970) 8:xperimenta11y determined the value of r;.(v, T ) 
, ' e 

and found very close agreement ~ith the results of SchlUter (1965), 

in the spectral range from 2600 to 7000 A 0 
• ,_ Be assumed a value of 

1·1 for Gz<V;Te> in the range of his calculations. This asaumption 
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ls in agreement with Schnapauff (1968) who reported very small 
1 0 

variation of G (~,T ) ~th wavelength and temperature. Lapworth 
z e 

(1977) and Preston (1977) also used the values of Sch1Utter and 

Schnapauff fhr ~ (~,T ) and G (v~T ), respectively. AlI of the 
z e . z e 

above workers on1y considered single ionization of argon.~i.e., 

z ~ 1 ~d N
z 

::II ~', a1though the doub1y-ionized levels do become 

important above 12,000 K (Olsen, 1962). ThisJ.assumption fu~ther 
• _ r 

~ ".) 
simplifies Equation (38) sinee qz QI U z for /~ ion~zation. 

) ( 
iii. Miseellaneous Techniques ~ 

A third p~ssib1e way of measuring plasma temperatures ls 

the eombination of the probe and optica1 techniques. A good 

example of this techniqUe, which has been demonstrated by Stojanoff 
. . 1 

(1966, 1968) and Sheer 'et à1 (1969), 18 the transient Fiber Optics 

Probe. The basic motiv tian was ta eliminate the limitations 9f the 

9i4e-on spectrophocometri techniques. (These limitations are the , 
subject of the nexC section. The probe essentially consisted of a 

thin stainless steel tube (i. • 1.5 mm) with a cap or blocking 

shield beyond the end of the t be. The purpose of the cap was to 

black off the Iradiation from aIl plasma source points outside the 

smal1'volume between the cap and t e end of the tube. Into the 

far end of the probe .tube, a fibe:q O~i'CS bundle ws inserted to 

transmit the radiation inc~~ent on the entrance surface of the bund1e 

ed ta a' c~rtain argon line 

(6965 AO)." The probe was driven the plasma with a high-

- ---~ -.-... ........ , ~ ................. ~ ...... -Ur~.:;."';~\o- .. ~ .. .,Jil,,,;I.iù'.l,~ ........ ,,«l ... ,'r'o':;..<~i' ~'k.ll""' ... ,. '".' 
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speed traverse mechanism (750 cm/sec). A 11near potent10meter • 
1 

coup1ed with the drive shaft indexed the position. The output of 

the mouochromator was fed to an oscilloscope horizonta11y driven 

by the potentiometer. The radial intensities were first converted 

into the emission coefficiettt and then by comparing with the 

theoretical values, actua1 temperatures were determined. The most 

" important q~estions arlsing from the application of auch an 

immersion type optical probe for plasma diagnostics are ~he plasma 

perturbations, the possible 'influence of the plasma ve10city on 

the f10w pattern in the samp11ng gas (as pbserved by Stojanoff, 

1966), and the limit'ed reso1ution due to the finite volume of the 

sampling volume. The possible loss/of the plasma radiation in the 

fiber optics by absorption is also ànother restriction of the 

above technique. 

In addition to the above techniques, various,methods exist 

formeasuring mean temperatures, such as attenuation of microwaves 

(Her~feld, 1962), velocity of sound (aersfeld, 1962), (Carnevale 

et al, 1961), electron beam excitation OMuntz, 1961), and density 

of radioactive vapor (Ecker. 1951)~ Recently, Cabannes et al 

(1970) used separate determinations of gas veloéity and impact 
0"_ 

pressure ta infer plasma temperatures fram the Bernoulli equation. 

_,Anestos and Hendricks (1974) injected small macroscopic particles 

i.nto the plasma. and measured the charge acquired by them to deter-
" 

mdne the plasma temperature. 'Laser methods had also b~en used for 

~~ 
plasma temperature determination (Jelyashevich et al, 1977). 
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COMPARISON OF THE PLASMA TEMPERATURE DIAGNOSTIC TECHNIQUES 

The probe techniques mentioned earlier are applicable for 
1 

temperatures below 10,000 K. Tijey have a limited resolution 

because of their finite size, and the great eare required in 

setting.the coolant rate makes their use time-çonsuming. The steep 

temperature gradients and the small size of the transferred-arc 

plasma considered, in this thesis necessitates better techniques than 

the probe techniques. Thermocouples, on the other hand, are 

limited to a use fuI maximum of about 2,500 K (Kubanek and Gauvin, 

1967), and are subject' ta· frequent bum-out due to oxygen 

contamination. 

1 

The 'spectroscopie temperature measurements (e.g., 

excitation temperature measurement) require a spectrophotometer. 
/ -1 

1 

This equipment is large, non-portable and expensive. The , , 
1 

measurements are time-consuming and the data reso1ution,. as will be 

discussed in the next section. are lengthy and rely on several 

assumptions. These limitations éan be eliminated if spectroscopie 

principles are combined with probing technlques, as done by 

Stojanoff (1968). 

The other miscel1aneous techniques 'mentioned give a mean 

value across the sampling path. The inability to reso1ve the steep 

gradients which can exist in a p1asma.like transferred-arc. restricts 

the applicability of thes8 techni~ues. 
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INVERSION OF LATERAL. INTENSITY MEASUREMENTS TO RADIAL DISTRIBUTION 
( 

1 

The10ptical systems used in plasma diagnostics detect the 

radiant energy coming from a range of depths. The spectral 

intensity of this radiation, ~À' is related to emission coefficient, 

~À' (line 9r continuum) by: 

(41) 

where dl is the incremen~a1 length in the direction of observation 

through the source. Equation (41) is written on the assumption'that 

the radiation source _(pla~) 1s "optically thin," that is, the,'self­
\ 

absorption of the radiatio~ amitted by the source i5 negligible. 

(The validity of this assump~on for atmospheric plasmas will he' 
\ 

discussed at the end of chis s~ction). In the case of a cylindrical, 
\ 

symmetric plasma, the intensities\measured along the chords (Iateral . 
intensit1es) pass~d through the plasma can be converted into true 

radial emiss10n coefficients by the mathematical technique known 

as tHe Abel Inversion Technique. The geometry associatediwith this 

plasma ia shawn in Figure 4. ' 

With the new notation, the specifie intens1ty observed at 

any c~ord position.! 1n a plane of' eonstan~.! (direction of plasma 

f1ow) i8: 

yO 
lÀ (;x.z) • ! 0 E:

À 
(r,z) 'dy 

-y --, 
(42) 
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FIGURE 4 

GEOMETRY OF THE SP~CTROGRAPHIC OBSERVATIONS 
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The observed specifie intensity !À(x,z) represents an 

integral of the emission through the plasma because of the gradient 

of ~À (i.e •• tem~erature). At constant~: 

dy :III rdr /y 

and stnce 

one can write Equation (42) as: 
, , 

" 

1 

in which ! is the radius beyond whieh .fÀiE.ill vanishes. This 
1 , 

(43) 

(44) 

(45) 

Equation (45) is a form of the Abel integra1 equation whieh -can be 

ana1ytical1y
'
inverted as (Perry, 1973): 

1 

Since it 18 not convenient to efPres8 the measured lÀ~ as an 

ana1ytical function. 'Equation (46) must be solved by numerica1 

methods. 

Severa! numa'riea1 methods havè been deve10ped for ttPis 

inversion (Nestor and Olsen, 1960), (Bockastert, 1961)', (Barr, 1962). 

(Paaree, 1960), (Maldonado et al, 1965), (Bohn et al. 1967). 

Following Lochte-Ho1tgreven (1968), the different methods used ean 
1 

be c1assified into four groups as follows: 
\ \ 

-'-------_ .... ~, ~--
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~raphical integration 

2. a) Expansion' of the Integral Equation (41) as a 

set of 1inear equations given"by: 

N /" \ 
IÀ(~'Z) = r aik eX (ri,z) 

i .. k 

b) Or, using an inverse matrix: 

N 
~À(ri'z) ~ r bik lÀ (~,z) 

i-k 

3. Exp,ansion of the Integral Equation (46) into a set of 

linear equations: 

4. Approximation of I(x,z) by polynomina1s 

(47) 

(48) 

(49) 

Berge and Richter (1966) showed that method (1) 18 tao tedious and 

not very accurate; method (2a) needs subsequent 1nversion, 80 

that method (2b) 19 ta be preferred. With method (3), which has 

been used by Nestor and 01sen (1960), and Bockasten (1961), 
, 

difficu1ties arise near the axis and edges where lÀ~ 18\ rather. 

smali. In addition, as discussed by Barr (1962), when the deriva-

tive is obtained, the noise 1n the data 1s amp1ified. The curve 

fitting technique (4) can be done in approximation with different 

analyticai expressions. Macdonado et al (1965) used this technique 
,\ . 

for clrcularly-symmetric sources, and Iater extended lt ~or \ 

~ as~etric sources (1966). Rowever, as re~dl1y admitted by the 

authors, because of the various, parameters involved, the method is 
1 

.t 
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computationally very complex and time-consuming~ 

\ Barr (1962) showed that wh~n uaing method (3), if the 

order of differentiation and" integration is reversed. important 

improvements can be achieved in the accur~cy of the inversion. The 
\ 

~ression resulting is the Equation (48). He has tabulated the 

values of the coefficients ~kfor N<~O., His method ls used in this 
\ ,1 . 

investigation for comparison of the techniques and i9 described in 

Appendix (A). 

It must b~ ooted that the methods (2) are recursive 10 

character; thus, the numerical errors are 8umming up. The resulting 

error 18 not only of an experimental nature bu~ depends furth~rmore 
1 

strongly 00 the plasma profile and on the number of divisions 
, 

dObservations) used. In additi~n, in each interval. 1l!l has to be 

approximated-by a polynomial '{a necessity in method (3) also) which 

further causes spme errors. 

Whichever method is used for inversion; .. t~e evaluated 

radial distribution may deviate from the true distribution for a 

number of additional reasons. Firat, one has to ehoose a certain 
1 

\" number of interva,ls and the assumption that ..tiù. ia 'constant 

throughout the subintervals oOf integlation and independent of ! 

(i.e., circular symmetry) does not ~~tisfy the real cond~tions in 

many plasmas. In addition. in most cases, due to the ;1uctuations 

encountered in the plasma radiation, only a time av age of the 
,li; , 

funct:f.on lÀJ!.a.!L can be measured. 'thus lÀ (x,z)' la the der·ivative 
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of an average quantity. [At this point, if one refers back to the 

aquations given for the relations between 1ntensity,o~ r~diation 

and temperature.,. it will be seen that temperatures obtained from ~ 

these averaged intensities will be weighted averages that can often 1 
deviate from simple averages (Burns, 1964»). 

1 

Before closing this section 00 inversion of intensity iota 

em1ssion coe~ficient., it 1s appropr1ate ta discuss briefly the \ 

important assumption that the plasma 18 optically th1n. A body of 
, " 

gas in which the total absorption approaches unit y in a certain 
\ 

direction ia said ta be 'iOptically Thick. Il Most gas dischargel! st 

o ' 

ordinary pressure, however. are optically thi~, except,for 

a~so~tion: lines and l~~ed regBi'ns outside the visible spectrum. 

Serf-absorption st a certain wavelength can be checked in t'Wo ways: 

(à) by using the temperature distribution obtained from spee,tral 

, ~ 

l~es known to be least absorbed, the distribution of emission 

c~efficients and then that of intensity can be calculated, 

neglect1ng ab~orption. These are then compared vith the measured 1 

values (Olsen. 1963). Or, (b) by reflecting the radi~tion ba~k 

upon itself through the hot gas or plasma by meana of a concave 

mirror. The intensity of the direct radiation plus the reflected 
/ 

, r 

radiation will then be ~ery nearly twice as great as the direct 

radiation alone (aftar allow1ng for reflection lasses at the 

mirror) for a11 optically thin line. [Lapworth, (1974), Knopp et 

,al (1962)}. When selecting the wavelengths to be uled for 
'1 \ " 

" 
it is important that the absorption character1stic8 oJ , diagnostics, 

\ 
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, 
1 0 

the plasma is taken into consideration. Knopp' e~ al (1962), Olsen 

(1963). Morris et al (1964), Evans and" Tankin (1967) and Lapworth 

(i974) provide useful'guidelines for this purpose. Lochte-

Holtgreven (1968) gave detailed analyses of the cases when the 
\ '\ 

plasma i8 not optieally thin. 

CONCLUSION 
\ 

1 
A single met~od of gas temperature measurement is by no 

means available which can be :used for the wide range o~ tempe~at~es 

existing in a plasma. withoutUeorrections or without questions as 
~ 

to the validity of the results. 

Calorimetrie probes and thermocouples ean maas~re 
, , 

t~eratures up to 10.000 K only and their applicability in plasmas 

is \ further -iimitad becauee of po or resolutioD and aesociated , 

UDcertainties. Abave 10.O~0 K, spectroscopie methods are p~obably' 
u 

the mast useful although, they,°suffer f~om the assumptions 
\ 

assoeiated with the data analysis. In addition, becauae of 

turbulence and 1ntrinaic plasma'fluctuations, the -spectroscopically 

measured temperatures ara inescapably weighted ayeragès (Burds. 

196~} that,can often deviate considerably from simple -averages 4 and 

therefore yield spurious values. These eO~iderat~ons. tosefher 

withf the ge~eral, difficulty of handling spect;rometers. cÙ.'ctate that a 
c' u 

.\ \ " j, 

liable diagnostic technique cambining the mer1ts of the probe and 
1 

~ spectroscopie methods 18 required, vith the chiaf advantages of , ' 
1 

relative s1mpl~city and lack of dependencé" on source symmetry. the-
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'. 1 

dev~lopmént and test of such a method\. is (;Ine of' the major objectives 

of this the;sis. 

, . 
GAS VELOCITY 
/' " 

/ 1 

Following Trokham (1968), the ex!sting methodsu for 

measuring the velocity of plasma flows c~ .be classified intq thrèe 
l 1 

groups: kin~tic methods based on the time of flight 'of tracers; 

dynaini1 methodà ~ b~se~, on' the interactions between the flow and an 

inserte~ prlbe' or an electric ~r magnetic field" and physical 
I~ ~ • 

methods based on the quantitative assessment'of phenomena occurring 

(1--
in the tested. ·zone of the flow and ,which are a function of its , 

.Y 
~~.<V 

I:e~-"'~ 

Tracer methods pose sorne difficulties in obtaining local 

measurements and in interpreting the results. The presence anq , 

method of introduction of the tracer may also disturb the plasma. 

" . 
. The probe techniques, on the other hand, are simple and giva good 

resolution despite the fact that they disturb the plasma. In most' 
~:.r , 

cases, however, these disturbances are small. P~ysical methods' are 

the lesst accurate of the thr~e, since they are indirect methods. 

Whl;!n determining the plasma velocity by the tracer method, 

o~ cail either create tracers in the flow or inject tracer particles 

into the' flow. Chen (1968) followed the downstOream motion of an , 
in,tense plasma "drop',' produced by a siant-pulse laser beam ,by means 

~ 

of a streak-drum camera. Buoyancy effeets and' shock wave fo-rmation 
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r ~ 
effects 'fere calculated to be negligible. Freeman ettal (1962) 

determlned'the velocity of propogation of the luminous details in 
1 

1 
the plasma jet by the time required to transit between photo-

multiplier stations located along the jet axis. They found that 'the 

plasma fluctuations could be ascribed to. temperature fluctuations 

and to pressure waves. They were Dot able 'to interpret their 

resu1t;s ,in terms of plasma velocity. 

D~sai et al (1968) measured the '{e~ocVity, dist'ribution~ in . ' 

a~ argon plasma by injecting boron nitride particles. The radial 
l" 

position of thé pad:icles was determined by usi~g a three . 
1 

dimensional photographie techniq~e. 

Gauvin (1973) and Ra1die (1975) à1so used similar teèhniqu~s' to 
'-, 

ob tain flow visualization and gas veloeities. While Desai ass\Ull.ed 

the partlcles moved at the gas velocity. the lattei1' assumel;1 
'..> 

Stokesian flow around the parÙc1es a~d thus dedue:ed the plasma gas 

veloeity from the partiele veloei ties. 

, 
Gold (1975) described an opto-electronic method 1.n vh1ch 

the optieally and temporally-resolved measurements of the plasma 

luminosity vas used to detennine the veloeUy of the 1njected 

particles as well as the plasma; Sodium. ehloridé partieles vere 

The'results 

injected iu'èG the flame and the velocity was theb. 

, / 
following ,the propagation of increased intensiiY' 

deduced from 

obtained are not very accurate dnce it was not possible to 

determine the exact radial position of th~ particles. 
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Meubus (1974) used hydx:ogén as a tracer and was \abl~ to 

determin~ the concent~ation profiles spectroscopically. These 

profiles together with temperature field were,used in a simplified 

material balance to detetmine argon velocity profiles. The argon 

flow rate determined by in·tegrating this profile showed 20% 

• deviation from the actuai value. 
'1 

Bowman (1972) drapped a line of ball bearings through a 

horizontal arc and recorded the horizontal deflection of the spheres 

(about 3 mm in diameter). Multiple drops through repeated arcs 

- -enabled a deflection curve ta be compiled. The radial variation, 

of the aerodynamic "drag on the balls could be determined by using 

Abel inversion. ~ itarative tec~iqUeS, the plasma velocity 

distribution ~a./tbe~ determinad. The tesults are questio~bl. due 

ta the disturb~g influence of the b~lls within the plasma as weIl 
1 

as the difficuity of assigning a temperature for drag coefficient 

determination. 

, 1 
Pressure probes are probab1y the most universally-applied 

\ 

devices for the méasurement of gas vel~city. The subject of 
L 

pr~s8ure probes i8 extensively covered in the literature (Folsom, 

1956), (Chue, 11975), (Beck~r, 1974,1975). However, the bulk of 

the work has been carried out for isothermal flows and none of the . 
above reviews de al with measurements in high-temperature flows, 

where the presence of à cooler pr~be disturbs not only the veloeity 

field, but' al80 the, temperature f'ield. 
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Grey et al (1962) used a water-cooled probe ta measure the 

impact- pressures in 4,n argon jet. Bernoulli' s equation for incom­

pressible and inviscid fluids was then used ta determine the 

dl< velo city distribution. This probe could also be used as a 

, 1 

calorimetrie probe. '\Other users of thia method included Katta et 

al (1973) and Gol'dfarb et al (1967). In a stud1 on heat and mass 
" 
transfer between a plasma Jet and a gaseous coolant, Smith -and 

\ 
Churchill (1965) also used a .w~ter-c,?oled probe to measure the gas 

velocity; however, they modified the Bernoulli's equation to take 

G t~ density variation into account. In the same laboratory, 

Carleton (1970) carried out a s~-theoretical analysis for- the 
''f 

stagnation press~re at the tip of a cold hemispherical probe. In 

his analysis, the stagnation streamline is divided into two regions. 

The flow region near the free stream ia eonsidered ta be isentropic, . 
inviseid and compressible, and the region next ta the probe surface 

to be laminar, viscous a~d i~~ompressible. The expression arrived 

at can be written as: 

t:.P • p UZ /2 + p u~J(8yP ) + 2~U IR(l + 0.55/&) gg gg g g 
(50) 

( 

where Re.1'" U R P / )J. 

The first term represents the conventional Bernoulli 

dependency ?n ve!ocity, the second accounts for compressibility and 

the last one represents a correction for the effect of viscous 
" . 

1 

forces near the _probe. The first two 

free-stream temperature and the third 

jS were evalu8fed at the 

term at the temperature/ 
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,-

corre.p~din8 to the mean enthalpy of the 

temperature correction was due ta vis cous 

gas. Thus, 

effects and 

• '. 
. . ~ . 

" 

the 

not densfty 

changes. Maximum correction of 3% for compressibility and 14% for 

the viscosity term was obtained by Carleton. 

Hare (1972) studied the effect of the pitot tube tip 

temperature on veladty measuremen~~_j,n flames at temperatutes in 
-'~ .,~,.....',.....-

excess, of lSOOoC. It w.as---'found 
""~'---; -- \ 

that the heat flux bet'Ween the gas 
\ 

and the tube affected the pitot tube measur~ents for temperatures 

above lOOOoC. No quantitative description was, h,owev~r, given for 

this phenomen?n. He recommended that for temperatures above SOOOoC, 

the equation suggested by Carleton could be used safely. 

All of the above workers u~ed water-cooled probes and thus 

the sizes of their probes were comparable with the sizes of the 

plasmas used. Ta reduce the disturbances 6n the plasma, tt is 
, 

desirable to use min1aturized pr~bes. However, below a certain 

diameter, it' ia not possible to cool the probes. A solution has , 

been suggested by Barkan a?d Whitman (1966) who used ~ transient 

uncooled pitot tube. A ~igh response time pres~ure transducer 

«0.001 sec) was connected to a sma1l «0.15 mm o.d.) uncooled,' 

pitot tube which ,waS'Jswept through the plasma ( 01 0.015 sec). This 
1 

principle vas later used by Sheer et al (1969) who connected the 

outlet of the pressure transducer and 9f the linear displacement 

transducer (which, in tum, was connected to the drive mechanism) 

to an oscilloscope which gave the stagnation pressure distribution 
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If 

directly. Â Pace-Wianco môdel P10S D vatiàble réluètance transducer 

with a sensitivity of 0.001 psi was used. The traverse speed used 

was determined from the cold f10w measuremerits. These warkers a1so 

investigated the possible sources of error8. They concluded that 

" the assumption of incompressibility, probe ablation effects, 

variation with temperature of the gas specifie heat ratio, existence 

--of radial and axi~l pressure gradients, and departure fram adiabatic 

decèleration in tne tubë have neg1ig1b1~ effect on the results. For 

,viscosity effects. however, ,a correction had to be made fo11owtng 

Barker (1922). With this correction,. the Bernoulli 1 s equation takes 

the form of: 

~ • 1/2' p U~ + 3/2 ~U/a (51) 

• 
.This correction for low Reynolds numher flows has a1so been sug- . 

gested by Hur~ et al (1953), ,MacMillan (1954), Schowalter and Blaker 

(1961), Sherman', (1953)' and Folsom (1956). Chue, ,(1975) and 5ayegh 
\...-... 

and Gauvin (1979) used a pressure coefficient, whose value~aepenaea--

on Reynolds number, ta include the effect of viscosity; , 
/'-- n 

The work of Kimura and Kanzawa (1963) iB also interesting. 

'The streaming velocity in an arc was evaluated by measurement of the " 

'drag on a small plate swept aCJ;oss ";he arc. The plate was attached 

to the diaphragm of a "capacitance-type pressure sens~r. The error 

in th~ mea,ured stream velocity vas calculated ta be 17%. 
~ / 

Amongst the physical methods used for velocity determinations 
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in plasmas, the ones that are baseq 'on tftilizing the Doppler effect 

are the most counnon. Bohn et al (1967) measured the Doppler shifts 

of spectral, lines in anaTgon plasma jet with an interferometer. 
! 

" 
These were then con'Verted into velocity profiles. Laser,;;"Doppler 

" l 
anemometry 1s another technique that cao be 1nc!ud~d in '<this group 

of methods. This technique is based on the àccurate determina.tion 

of particle velècities by measuring the Doppler shift of optieal 

radiation scattered by moving partic1es. The use of this technique 

in plasma i8 somewhat restricted by severa! factors such as the 

method of seeding. màteri~l of the particles; coàling effect oL-t-hé 

,-------­
',partiele and most importantly, how accurately the particles can 

. f'lQllow the pla~ flow (Goue~bet and Grehatt, 1979), (Todorovic et 

al, 1976). A preliminary study has been carried out in these 
~ 

/ lSQoratories and was discussed in more detaU by Ho (1976). 

Some workers tried to model the flow c.ha~teristics of 

plasmas. Gottschlich et al (1966) proposed a model where ,the axial 

• velo city of a plasma jet was calculated from the temperature profile 

by al simple energy balance. The flow was assumed ta be axisymmetric 
• --..-1 

and unidirectional. Viscous energy dissip~tion and effects of , 
~~d:lat:1?on was neglected. The uncertainty in the thermal con­

~ 

ductivity was reported to be the principal l1mi~ation. Meubus and . \ 
\ 

Parent (1969) described a flow model where the luminous profile 

equat~on. temperat~re distribution and gas f10w rate were used in 

the energy equation to determine' the velocity distribution. The 
f' , 

estimated error was of the order of 25%. Strachan and Banault 
,A:'; 
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(1976) and Topham (1971) also solved the en'ergy equation using 

the- experimental values of arc. current, electr1c fÙld, radius and 

radiation 10s8es. No exper~ntal verifiq«tion ~as given in both 

" \ 

cases. ,\ 

CONCLUSIQN 

, 
f, .~ 

As in the case of 'gas temperature measurements. the r, 

( 

'1 , 

sel~tion of the technique fol: plasma velo city depends l,on, the range 

involved and the accuracy require~. The transient uncooled pitot 

tube seems to be the most appropriate for measurements in a 

transferred arc plasma, basically due to !ts good spatial resolution 

" 
and simplicity. On the other hand, laser-doppler anemometry appears 

to ,be the candidate for future applications. 

III. 1 JETS 

In this section, a summary of the work on jets which 
f 

of ùmDedirte interest to this thesis ~ill be given. Forstall and 
, 

Shapiro (1950) and more recently Ferri (1964) provided extensive 

rev1ews on jets. The books by Abr.amovich (1963) and Birkhoff and 

1 

Zarantonello (1957) are two standard texts on this subject. 
, /, 

\ 
1 

Characteristics of Free Jets 

Acco~ding to Abramovich, when a tangential separation 

surface arises d",ring the motion of a fluid, the flow of fluid on 

either side 0Jf th!s surface is called a jet. My jet 18 div1ded' 
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into three regions, namely the potential core, the transition 
1 

r'eg~on or the developing regton, and the fu-!-ly-developed region 

where the jet characteristics are independent of Hs source. 

In 'most jets'. the potential core region shows constant 

values of concentration, temperature and velocity, along the centre 

line. In the developing region., these th;ee variables show a rap1d ~ 

decay with,axial distance. In,near isothermal circular jets, the 

\ ' 
decay has an inverse relationship with distance from the virtual 

origin of the jet (X): 

u ::a Cl/X (52) 
:' m 

= c,,/X (53) T - T m 0 

Cm - C ". C'l/X (54) 
0 

W'here Cl, e" and Cs are constants. 

The validity of these expressions for plasma jets, where 

large changes '1~ density (or velocity) result due to gas cooling, 

1s doubtful. Indeed, Grey and Jacobs (1964) observed that a heated 

jet deèays much more rapidly than an isotherma1 jet. Lemoine (1969) 

obtained ~ inverse square decay for the centreline gas velocity in 

an argon plasma jet. O'Co~or et al (1966) found that ~entre11ne 

values of concentration decayed more rapidly than entha1py, ,wh:f.ch 

decayed more rapid1y than velocity. Lewis and Gauvin (1973), 
~ "J 1 

~owever, noted that the no~lized profiles of velocity and 
/ 
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t~rature ar~ remarkably similar, with 90% of the decay occurring 

vifin a distance of ten nozole diameters'. ~~ concen~ati~n d~cay 
was found to be slower than the veloc;ty and temperat:;: decays. , 

" 

The radial profiles in the core region of isothermal j,ets 

can èe aXpr~ssed as (Warren, 1957): 
, 
\~ 

U :or U r m r <' r 
i 

u • r Um exp[-0.693(r2-r~)/(r:/2-r~)] 
r > r 

i 
~ 

In the developing region,. the radial pro~iles may, be 

represented by a Gaussian distribution (Abramovich, 1963): 

(55) 

(56) 

Ur ,. Um exp [-0.693(r/\/:/2] , 

~'" 
[where, for temperature or conc~ntration profiles, ~ 

\ (57) 

~rePla~ed 
with ~T or ~C (difference between the values at a given distance in 

the jet and the outer boundary) a~ ~th ~ or ~(the cor­

responding difference at the centrelin10f the jet)]. 

\ . ' 

O'Connor et al (1966) found that the radial profiles of 
1 

ve1ocièy , entha1py and con~entration are simi1ar at various axial 

stations of a plasma jet in the developing ragion and can be wel1 

represented by a Gaussian curve. They also observed a departure 

of the jet bound'aries from the coniea1 shape of isothermal jets. 

The.curvatur~ of their re,ults, however, was in the opposite 

direction to that of Grey and Jacobs (1964). Another disagreement 

betweep their results i8 that the latter noted that concentration 
< r 

r 

1 

;' 

l 
l • 

1 , 
-i 
~ 
~ 

1 
1 

1 

1 
~ ., 
IJ , 
lt 

" i 

~ 
~ 
l 
,J 



. , 

~ 

" 

1 
t 

i 
1 
'. 

() 

82 

sp~eads more rapidly than enthalpy'which, in turn, spreads more 

rapidly than momentum. The fact that enthalpy spreads more rapid1y 

than momentum has been a1so reported by Corrsin and Uberoi (1949) 

who studied circular jets of heated air, and more recent1y by 

Kubanek and Gauvin (1968), and Katta and Gauvin (1973). 
" ' 

Jet Entrainment 

In addition to wark concerned with free jets, some studies 

of entrainment in free jets are also pertinent to this thesis. 

The majority of the·work in this field is done with 

stagnant~ènviroament. Donald and Singer (1959) observed that the 
. 

entrained f1uid entera the jet at right angles. They found an 

empirica1 expression relating the entrainment capacity to kinematic 

viscosity and aiial distance fram the nazzle. Their res~lts.; 

however, are strictly for 1sothermal jets'and even for this case 

the resu1ts are doubtful sinee .they pre'diet the same ent'rainment . . , 

rates for the potentia1 core and deve10ped regions (X/do> 15). 

Ricou and Spa1ding (1961) deve1bped a new çechnique f,or measuring 

total entrainment in axially-symmetric gas jets" of vario~s densities. 

They corr~lated their results as: 

ml • mo[O.32 X/do(Pl/Pa) 1/(-11 (58) 

, '" ", 
'-- --" 

where ~ ls the entrained mass flux and ~ the initial ma~s flow, 
il 

rate of the \jet. These worker's also noted that buoyancy effects 

incl;'eased the entrainment rate but vere unable to reach a firm 
. , 
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conclusion. Hill (1972)' confirmed that the rate of en;1 ....... t ls 
,. 

constant ln the fulay developed region but found that t e local 

entrainment rate~ vhich ls independent of the nozzle Reynolds 

number, Is a strong fuction of axial distance in the core region. 

He did not correlate hi~ results however. 
~ 

CONCLUSION 

There ia a lack of agreement betveen several workers on 

" ~he variation of jet paramete~s. This disagreement could possibly 

1 

b~ explained by the complexity of the plas~ jet systemS and 

difficulties encountered in the experimental tecnniques. 

The radial distributions of properties follow a Gaussian 

cui:ve 'in plasma jets. The axial variation, on the other hand~ shows 

'an inverse square dec~y, with concentration decaying faster than 

, 0 

temperature and temperature decaying faster than velocity. 

/ 
The applicability of the limited ,data on the entrainmerit 

in isothe~l free jets ta p~asma, conditions 19 doubtful because 

of the presence of the bouyancy effects and ~gneto-hydrodynamic 

forces. " -v' 
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Einstein's spontaneous transition probability 
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'1 • • 
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Magne~ic fl~ density (vector) 
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Heat capacit~ at constant pressure 
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Boltzmann, constant 
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Mass of elect,ron 

Nümber 'of observations in Abel Inversi'on Technique 

, Number of atoms 

Electron, ion and atom densities, respectively· 

Concentration of atoms in the excited Btate n 
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The application of plasma technology to chemicai and 

metallurgical processes has been receiv:!.ng increasing attention in - \ 

\ 
the Iast two decades. One promising appl~cation 15 in the field of 

" 

ben~fication of mineraI ores,of high unit value. To date, however, 
\ 

most of the research in this field has been devoted to exp 10 ring 

the technical feasibility of effecting the desired reactions under 

'" plasma conditions, rather than optimizing and controlling the 

plasma system so as te make it econotnically ,viable, (Sayce. 1977), 

(Gauvin et al, 1980). As a consequence of this and altheugh .plasma 

generators capable of con~inuous operation at a power of several 

, \ 
megawatts are commercially available, the use of P'lasma reactors 

on a commercial scale is limited to a few processes: the 

production of a~ tylene, that of tita\nium oxide, the dissociation 

of zircon sand and the smelting operations in steel making. -

Rykalin (1976), Sayce (1972, 1977), Hamblyn (1971) ~d Aubreton 

and Fauchais (1978) have reviewed the use of plasmas for high-

temperature heterogeneous systems and théy have unanimously a~eed 

that the transferred arc 'plasma in which an arc is struck between 
, 

the cathode and a molten feed (acting as the anode) ia often fa~ . , 
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mO'Ç'e thermal1y efficient than the non-transferred arc plasma (for 

examp1è. r.f. plasmas and d.c. jet plasmas). The injection 
'~', 

techniques used to introduce feed' stocks into the prilDary he~t 

dissipation zone of the plasmas, as reviewed in these articles, 

indicate that the cathode design in transferred arc plasmas ls an 

integral part of the reactor design. In the past, workers in' this 

fiel~ have obtained various patents on the cathode design. 
\:") . 

Nevertheless, the Fluid Convective Cat,hode (FCC) design of Sheer et 

al (1968) probably provided the basic design principles for moat 

of them and stands as the only design s:~~or scaliig-uP. 
:,_~.II"v.::! ..... "­,. 

From a chemical engineering point of view, the temperature 

and velocity fields in the' plasma cohan of a transferred arc are 

the most important parameters for the study, design and control of 
'", 

the plasma sy~tem. The Lite,rature Review section showed that the 

'transferred arc plasma has received little attention in this respect. 
"'.­

The work of St~janoff (1966, 1968), in which a 3-cm long transferred 

arc was diagnosed for the purpose of obt1aining the transport 

properties of argon plasmas is a notable exception. Although this 

work demonstrated the effect of gas flow rate on temperature and 

velocity fields, it falls short of being a complete diagnostic study 
~. 

in that the effect of varying the arc length. which 1s probably the 

most important parame ter as far as residence times of particles 

injected into~ plasma column are concerned, was'not studied. The 

scatter of the transport parameters obtained by thè author (Figure 
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" r' 
3, in the Literature Revi~w section) and the large deviatio~s from 

, 
the theoretical values at h1gh temperature~, raise serious doubts 

, ti' 
about the'aceuracy of his ,temperature and velocity profiles, , 

probably linked to the inaccuracy of h:i.s dia'gnostic techniques. r 

~e diagnostic techniques used for plasmas show a 

considerable diversity~ For temperature mëas~rements, either 
.,.. 
'" insertion ~robes, or optical methods, tor a combination of both have 

been,used. ,The calorimetrie probe is the most co~only use~ type 

of the firat group and was mainly dev~lop~d by Grey and co-wor~ers 

,(1962, 1965,1968). Other users of such devices have inc1uded 

~ 
Smith and Churchill (1965), Ch1udzinksi (1964), Incropera and 

Leppert (1967) and Katta et al (197,3).1 The applieabi1ity of sueh 
~ , 

.techniques for transferred arc temperature measurements ~s , 

resrricted due to their measurement r~nge (below 10,000 K), .their ' 

1imited resolution and their sensitivity to the sett1ing of the 

coolant rate. The optical techniques, of which the spectroscopie 

techniques are the most important, sutfer from the fact that the 
\ 

me asurement s' are time consuming a~d that the data analysis (as"in, 
- 1 

the Abel Inversion) require the assumption 01,circu;ar s~etry of 
/ 

the plasma column (Lochte-Ho1tgreven, 1968). In addition, the 

spectroscopically-measured tèmperatures are inescapably weigh,ted 

averages I(Burns, 1964) that can often d~viate considerabl~ from 

simple aver-ages and tberefore yield spurious values. The se 

limitations cau be eliminated if spectroscopic.principles are ~ 
1 

combined with probing 'techniques; as done by Stojanoff (1968). 
~ 
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" 

For velocity measurements, again a variety of techniques 
, 1 

can be used; however, the transient uncooled'pitot tube seems to be 

the most appropriaee for measurements ,in a transferred arc plasma, 

basicallY due to its good spatial resolution and simplicity. 

Following the recommendations of Sheer et al 
- ~ ;.< 

(1969), a correction, 

called Barker correction (Barker, 1922); has ta be made for . . 
',viscosity effects at low Reynolds numbers . 

. ' From the foregoing discussion, three main concl~sions can 

be draw. Of ~ll the plasma gene~ators, the transferred 1 arc is the 

" most suitable one for ch~ical and metallurgical applications/and ., 
up to the present timeOthere exists no complete study of the 

t , , 

variations of the transfe~red àrc ~lasma characteristics with the .", 

basic variables. In addition, the diagnostic techniques used in 
.. . 

plasmas for,velocity and tempera~re measurèmen~jare lacking in . 

simplicity and reliability. Theréfore, the work reported in,this ~ 

section ieRFesen~s an àttempt to deve~op~ simple techniq1e~ for 

plasma diaghostics and to determine the basic P1a~ cha~~cteristics - , . 

, Q 

and their variations with operating ~ariables in a transferred arc 

plasma. 

To achieve these objectives, a cathodft assembly suitable 

for t1ansferring an arc to a molten matal bath or ta a cooled anode 
o '-

and for the' inj~ction of a secondary gas into the plasma column had 
1 

cl ' 1 ta ~e eszgned for operation in open air, for ease of accessibility. 

The plasma thus proddced was stud~ed photographically and ~~th 

\ l , , 

-.... 
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respect t~ Its electrical characteristics and to heat losses in the 
1 

initi~l part of the work. The techniques for these measurements 

were' ad'r>pted ;trom the lite,rature and are well known. For 

temperature measure~ents. however, a novel ~echnique was designed. 

tested and finally employed to obtain temperature mappi?8s of the 

cOlumn under different operating conditions. Finally, the velocity 

measurement8 wére carried out with the aid of an uncooled, transient 

pitot-tube, as already employed by some previous workers under simi-

lar conditions. 

, 
EXPERIMENTAL 

APPARATUS 

<l', 

The,apparatus used in the experimental work consisted of a 
, \ 

power .supply, a control console, and a transferred arc system 

including a cathode assembly, an anode assembly and a driv;l.ng 

mechanism. A schematic drawing of. the overall set-up 1s given in 

Figu~e h'o 

The powell' 8upply was of the q.irect current, welding t"fpe. 

" capable of providing a 1I1aX,imum power of 40 kW. It had a drooping 
). , 

volt~ampere curve and could be operated in the open circuit voltage 

range of 80-320 v~lts. In this work, followtng'the manufacturer'; 

t'ecommendation, a 16o-v~lt mode was etllJ)loyed. A high frequency arc 

starter facilitated the initial bTeakdown of the arc gap. The arc 

wu i8l1ited at about 90 amperes. AU necessary "power supp:ly 
~1~ , 
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~ 
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~ 
adjustments and gas flow regulations ~ere made ~hrough a Thermal 

Dynamics Model ~60 contrD~ console. In particular. for the arc 

gap and gas conditions employed here" a continuous' range of arc 

currents abo'Ve 100 amperes was available by adjust'IDent of a 

rhedstat on this console. !fe console also contained safety 
, 1 

inter~èks to', the power supply for the water and -gas lines, t~ 
" l , 

prevent ~peration under lo~ water or gas pressu~es. A copper 

adapter was used to separate e;t.ect~ical and cooling water lines 

bath at the exit and st the inlet of the consol~'. A three-way 

splitter was employed at .~he carrier gas exit' of the console. The 

main piaslna forming gas and the injection ~gà.s flow rates were 

monitorêd by calibrated precision (2%) rotameters. 

ir~on gas. wi th a purity qf 99.997%. was supplied fromo !.4, , 

three cylinders joined to a co ? manifold and tegulated by a two-

stage pressure regulator. 

A cath~blY suitable fot operation in the transferred 

arc mode and for injection of fine particles or of a secondary gas 

other than the, main plasl!la-forming gas was designed. The cathode 

assembly is shawn in Figure '2. A moredetailed drawing and' sp~ci.:::' 

fication of 1:8 V~ious components 1s given in Appendix B. "A 

p'hotograph of 'the unit"-is a180 shown in Figure 3. The cathode . 
-- ~ 

.. 

( 
assembly consisted essentially of a water-cooled conieal thoriated (, 

tungsten cathode" tip surrounded by a water cooled brasa nozzle. The " 

inj action gas was fed through three equally"spaeed feed tubes, each 

o 

1 
l 
1 
J 
i , 
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/ FIGURE 3 

PHOTOGRAPH OF THE CATHODE ASSÉMBLY 
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0.4 cm in diameter. Iwo different nozzles, one with an inject~on 

angle of 30~ with the axis,' and the other of 45°, weje used. 

angle o~ the injection channels and of the cathode /ip WtiS the 

The 

same tS the nozzle used. Nozzle diameters of'O.38l and 0.476 cm 

were used. The plasma gas was forceci' to pass through a nJrrow 

shroud, the width of which could be adjusted by moving the cathode 

tip up or down. The nozzle directed this thin, high velocity layer 

of gas 50 that it impinged on the arc column in the region of th~ 

contraction zone. lt was expected that with this configuration, 
1 

the c~mponent of input gas momentum paral~el to the arc axis 

exerted a stabiliZing influence 011 the entire arc col'umn. The thin ... 
layer of plasma gas was intended ta convectively cool the cathode 1 

tip and thus reduce the cooling requirements. 

The cathode assembly was designed to be versatile in its 

operation: 1 it could be used for injection of a gas and/or particles, 
) 

and could be used in a closed system or in open air. The various 

parts a~d their connections were designed for easy dismantling, 

,essentially for changing the brass nozzle and the thoriated tungsten 

" 
cathode tip. Tight seais between the components were effected with 

O-rings and silicone sealant. The current-carrying cathode was 

insulated from the nozzle and the shell by emploYing electrically 

non-conducting materials (phenolic board a'nd teflon) as the head 

cap and spacers. The purpose of the spacers was to act as gas 

distributors. to prevent the contact of the tubes with the cathode 
1 

holder and al~o to help in the a11gnment of the cathoc!e tip in the 

/-

,r 
1 

" , , 
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\ 

nozzle. This alignment was further effected by the adjustment cf 

the six (6) screws~joining the end cap and the outer shell . 

. The thoriar,:ed tungsten tips used in the cathodes were 

prepared by modifying the standard electrodes commercially avallable 

from The~l Dynamics. The tungsten pleces were rèmoved from their 

original brass holders, ground to the desired angle and shape and 

then soldered to the new brass piaces. A photograph of the cathode 

tip and.. of the brass nozzle i5 given 'in Figure 4. 

A remotely controlled driving mechanism was constructed to 

allow for the movement of the cathode assembly in a vertica.l 

/ direction within a distance of 20 cm. A/ motor-driven shaft was 

connected to a threaded rad which in turn drove the cathode unit. 0 

The connections between the rod and the unit were made of insulating 

\ . 
materials SO,;rat the nozzle.around the cathode tip, which was aiso 

insulated from the current-carrying cathode, was maintained at a 

floating potential. !WO limiting microswitches, one movable and 

the other fixed, were employed to pre-adjust the arc length before 
. . 

start-up and to prevent/the contact of the cathode and the anode 

units, respect:!,yely.' 

\ . 
Severai designs were attempted for the anode unit. The 

early modeis fàiled due to insufficient cooling. The final anode 
1 

design. shown on Figure 5. consisted of three copper pieces: the 

" J 
anode holder (fnciuding the coolant lines and the electrical con-

nections), the cap which was bolted ta this holder, and the anode 

.. ~ .... ,., 
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FIGURE '4 

ft PHOTOGRAPHS OF THE ANODE WITH PRESSURE HOLE 

THE BRASS NOZZLE AND THE TUNGSTEN· C.&THODE TIP 
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FIGURE 5 

SCHEMATIC DIAGRAM OF THE 

1/ ANODE ASSEMBLY 
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face or, arc attachment piece which was a o .15878-cm (1/16-incl'r} 

r-' 
thick, 5.715 cm in diameter flat dise, resting over the cap and 

le 

soldered ta it from inside. The O-ring between the cap and the 

hOlde,r was sealed against water leaks. With thi~ design, the 

maximum cooling power was concentrated opposite the plasma" 
" 1 Î .. ", \ ~ 

stagnation po~t a~he centre of the anode face. The width of the 
\ " \ .f 

passage between the anode face, and the coolant f lange of the anode 

-;: holder was 0.25 cm. This configuration directed the cooling water 

flow outward from the centre of the anode to the peripheral regions 

and thus assure~ arc symmetry. lt was possible to replace the 

copper anode face .whenever it was necessary by" first removing the 
, 1 

1 

cap and then melting the solder inbetween. 

In sorne parts of the experimental work. this anode was 
1 

replaced with a· pressure-tapped anode which consisted of a O.3175-CIll. 

diameter stainless steel tube connected to a O.079-cm (1/32-inch) 

hole on the anode face and leading ta a manometer. This devicè was 

A Pho~j~rap1t< used to measure the stagnation pressure at the anode. 

of this anode is given in Figure 4. 

~ 0 ~ 

o The anode unit rested on a steel table which also held the 

cathode assembly and the cathode driving mechanism. A cooled copper 

plate was placed between the anode and the table to protect the 

latter from the hot effluent gases and from the radiation. A 

pleltiglass sheet between the copper plate and the table. and a 

teflon sleeve between the anode and the copper plate were employed 
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fq,r electrical insulation. Insulated Sdrew~ were used to fix the 
/ 

position of the anode over the table,' 

MEASUREMENl' TECHNIQUES AND INST1)UME;NTA!ION 
.. 

" L Electrical, Calorimetrie and Photographie Characterizations 

In the Urst part of the experimental work, the electrical 

characterization of the transierred arc plasma was carried out. For 

this purpose, the, arc voltage was monitored as a' r function df various 
'? 

opera~ing parameters. The voltmeter available on tJ1e control console 

was used for rough estimations. Mo,te precise and continuous measure-

menes were possible by attachin'g leads ta the anode .;lnd the cathode 

~ The arc curr~t was measured with an ammeter 
-> 

to a chart recorder. 

via a precision shunt connected in series with the arc. 

In addition to the volta~e drop between the e}-ectr~des., the 
o 

\ âistribution of the .voltage along the arc length with respect ta an 

electrode was alao measured ~ This was achieved by connecting a 
" 

O.l-mm tungsteu wire to the p'ositiveoend of an oscilloscope via a 
1 

lOO-kohm resistor. The negative terminal of the oscilloscope was 

connected to the cathode. The wire was then swept through the . 

plasma. at various vertical positions, with a speed high eno~gh to 

prevent thermal ablation of the wire. 

To obtain the ftactions of the input power lost to the 

different.parts of the equipment. the cathode, the nozzle and the 

anode ,were used as calorime'ters. The inlet 'and outlet water 

", 
l 
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temperatures were measured with bimetallic dial thermometers 

accurate ta 0.25 K in the range 273-323 K. Provisions vere made in 
~ 

the design of t,he equipment for immersion of the thermometer stems 

of about 10 cm in the fluid~~r~er to meet their calibration. 

W4ter" flov r"te to the abOV;~ts w •• metered sep'rately; using 

precalibrated Brooks rotameters. Although different flov rates were 

tried to check the results and in~rease the aècuracy, under normal 

conditions" the water flow rates used vere as follows: 1.09 m3 /h for 

the an?de, 0.041 mS/h for the çathode and 0.095 m3 /h for nozzle, at , 

689 kPa. 

To determine the effect of the operating conditions on the 

luminous plasma profile, still photographs of the plasma wer~ taken 

using a 35 mm Minolta SRT-202 camera ~ith a lOO-mm lens. Due ~o ~he 
excessive brightness of the plasma, Kodak : Tri-X Pan film with an ASA 

" 

setting of 400 ~as used. Exposure 'time of 1/1000 second at f-22 
"', \l 

was fou~a satisfactory. The plasma" colUlllil diameter at various 

distances from the cathode tip vas dete'rmined from the negatives by 

using a Nikon shadowgraph at xSO magnification. The nozzle diameter 
, 1 

was uaed as) the reference. 

2. Temperature Measurement Technique' 

i& ne~ electro-opti~al tbchnique was developed for the 

measurement of plasma temperaturee abové 8000 K. i The basic principle , 

of this technique vas ta de termine the total' 'emsdon coefficients 

of tbe plasma at tvo wavelengths, as a functi0IJ of radfal position l 
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The radial temperature distribution was then obtained" by comparing" 

the ratio of, the measured emission coefficients with the theoreti-

cally-calculated values. 

~ 

The total '·emd.ssion coefficients of an argon plasma at the 

wavelengths of 4806 Â and 6965 Â as a fune tion of temperature has 

been calculated. The detailed caleulations and resulting graphs' are 

presented in Appendix C. A regression analysis was carried out on 

the theoreticaUresults ,(temperature-versus-ratio of the total 

emission, 'coefficients at 4806 Â and 6965 Â), using a package 

statistical computer program, STATPK, of the McGi11 University 

Computing Centre, and the fo11owing expressions were found ta fit 

the data best: 

,1) For 7.000 K < T < 15.000 K 

'ii) For 15,000 K < T < 25,000 K 
>, 

T = 10C ... 228 0 + 0.089 log R) 

1 
Where R • ratio of the total emission coefficients 

'of 4806 Â a~d 6965 Â, respective1y 

The new experimental technique which utilized the above 

principle ta yield the temperature profilè of the transferred arc 

. plasma consisted of a two-wave1ength pyromete'r, a meta! plate 

(1) 

(2) 

(coupled ta a linear motor) which Jaried the- amount of plasma radiation 
o 

seen'by the pyrometer, a digital oscilloscope which stored radiation 

intensity signaIs, and an interfac~-minicomputer assembly which 

-. 

~ , 
"' 

·1, 

, 
1 
j , 
î 
j 
J 
1 
J 
i' 
j 

2 
'l 
1 

.1 

j 

j. 

. A 
! 
Il 
! 
" , 
> 
l , 

" , 

:, 

. 



, 

121 

1"" 
processed the'pyrometer signaIs (a$ stored on the oscilloscope) to 

yield plasma temperature profile curves. A block diagram of the 
~ , 

complete system is giv~n in Figure 6, and a photograph of the unit 

is shown in Figure 7. 

/ 

The procedure by which the temperature profiles \were 

obtained was as follows: bafore the,ex~eriment was initia~ed, ~he 

metal strip (opaque'screen) was positioned between the 100 ~m 

diameter aperture (through which the two-wavelength pyrometer views 
-, y 

the plasma) and the plasma column.· Thus, the pyrometer received no 

radiation from the plasma. Then, the experiment was started by 

pressing the ~ommand button of the linear motor's sweep generator. 

The linear motor carried the metal strip (2 mm b,y 0-: 6 mm; blackened 

to prevent reflecti6n of radiation) through the plasma column at a 

constant velocity, away from the optical system. Thus, the 

radiating volume of the plasma that the pyrometer viewed increased 
1 
1 

from zero (at the beginning of the traversè), to a maximum wh~n the 

strip completed its traverSé. The intensity of the impinging 

radiation on the phptocells placed behind two interferenc\ fHters 
t., /; ~ • 

(tuned to 4806 ! and 6965 Â) was recorded by a digital storhge 

oscilloscope triggered by the motion of the linear motor driving the 

metal strip. Figure 8 (a) \Shows a schematic representation of such a 

recording. This recording is actually an integral of local emission '\) 
, ',r 

coefficients, and the derivatives of the se curveLyielde~ the radial 
1 " ,/ 

~mission coefficient distribution, as shown in Figure 8(b). These 

values were chen employed in Equation l (or 2. depending on the , . 

-, 
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FIGURE 6 

'SLOCK DI..l\GRAM OF COMPLETE TEMPERATURE 

DIAGNOSTIC SYSTEM 
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FIGURE 7 

, PHOTOGRAPH OF THE TEMPERATURE 

- DIAGNOSTIC SYSTEM 
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FIGURE 8 

(a) OSCILLOSCOPE RECORDING OF THE 
PHOTOCELL OUTPUTS AFTER THE 

TRAVERSE ,OF THE BLOCKlNG ELEMENT 

(b) DERIVATIVES OF THE ABOVE OUTPUTS 
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temperature) ta ob,tain the local temperatures. An interface-mini-

computer assembly was used ta process the signaIs recQr~ed on the , 

~scilloscope to yield the plasma temperature profiles. The, fol-

lowing is a detailed description of the in~ividual sections making , 

~p the instrument. 

i. o.ptical Sensing Head 

The internaI component arrangement of the optical head is 

shawn in Figure 6. A high-quality four-element'mirror optie 

assembly with an effective focal length of 700 mm (Questar 700) was 

used to focus onto a small spot of the plasma column (via a,lOO ~m­

diameter aperturelwhich ~as positioned 7 ~ away from the .axis of the 

plasma and ~3 m away fro~ the lens) and transferred the captured 

radiation onto'photocells through the semi-transparent Neodymium 

mirror and interference filters insid,e the sensing head. The 

selection of a mirror optte was based on the recommendations of 
1 

Ruffino (1976) who reported that glass components should b~ elim1nated 

in the optieal systems used in plasma spectroscopy due t'o aberrations 

and refraction'problems. 

, 
The Neodymium mirror was mounted on a mechanical assembly 

which allowed rotation between two positions spaced at 90° apart. ' A 

positivé detent mechanism was used to rotate the mirror, ensuring 

exact alignment' in eaeh mode of ope~ation. The two mit:ror positions 

, " 
are shawn in Figure 6 as a solid ànd a dashed Hne. The dashed 

position enabled visual orientation. In this mode t the incoming 

l, 
1 

" 
" 
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radiation from the mirror optics was partially reflected toward the 

eyepiece, allowing the operator to focus on the, portion of the 

plasma column to be measured. A w~lding filter No. 10 was attached 

,to the eyepiece, ta protect the eye from the intense radiation. The 

solid line represents the position of the mirror when a measurement 

was being performed. 

As can be seen in the diagram, the incoming radiation was 

partially transmitted straight through to photocell No. land 

partially reflected at an angle of 90° to photocel1 No. 2. Each 
! 

photocel1 was illuminated through a precision interference filter 

which provided a sharp maximum transmission response at the selected 

wavelengths, 4806 ! ànd 6965 X. The fiiters were specially made by 

Baird Co. System Components Division, and both had a bandwidth of 

10 ! at half-peak transmittance. These earticular wave1engths were 
1 

selected for their isolation from other 110es in the spe.ctrum. their 

strong emission, and high upper energy levels. The neg1igible $elf-

t absorption of the 'argon plasma for these !ines was, also of primary 

impottance. The photocells being employed (Centronic Silicon Photo-

detecto'r, Type 0505-1) were chosen for their spectral response at 

the above wavelengths, as well as theirrhigh rise time. They were 

not affected by fatigue also. the intens;ty of the impinging 
1 

, radiation on each photoce11 was', converted to a vOltage output which 

_was âmplified by an interna! high-gain amplifier circuit • 

.,.~ 

The scnematic diagràm of the amplifier is snbwn in Figure 

, < 

1 
; 
i, 
1 
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9. !WO identical amplifier stages,were used, the gain of which could 

be'changed by a switch controlling both channels,stJultaneously. In 

addition. two ze~o control potentiometers were supplied to enable 

setting of the amplifier outputs to zero voltage when no radiation 

was pres en t . The outputs of the two amplifiers were brought out of , ' 

, 
the sensing head by means of shielded coaxial cables and feqidirectly 

into the Y-axis input of the dual-channe~ digital, storage oscil-

Loscope. 

The alignment of the opticai system was made by connecting 

the output of the sensors alternatively, to the Y-coordinate input 

of an X-y recorder which had a small light bulb attached to its pen. 

The X-axis of the recorder was driven by the ti1ne axis. When the 

image of the light bulb fell on the sensor, the output from the 

sensor increased causing the pen and the bulb to move up and ta 

draw a peak. Then the sensors were switched and the output of the 

second sensor was r~corded on the same spot of, the graph paper. 
o 

. Alignmen,t w~s checke~ by matching the two peaks obtained. This method 

was employed both for vertical and horizontal alignment. (The' system 

was rotated 90° for vertical alignment). 
1 

Thè optieal head was calibrated by focusing the system ta a 

Tungsten Strip L,amp calibrated by the National Research Councll of 

C~ada at the wavelengths used in this work. for various currents. 

1 

/ 

. , 
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FIGURE 9 

CIRCUIT DIAGRAM OF OPTICAL HEAD AMPLIFIER 
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. 
H) Linear Mator Drive Assembly 

-=--1; 

When performing the actual tempera~ure profile measurement, 

it was necessary to move an opaque metallic ~late, along the optical 

axis of the detector. through the plasma column in su ch a Olay as to , 

vary the amount of incoming radiation from zeto ta maximum. Ta 
( ' .' n 

acé'omplish this', a voltage ramp ,generator and a servo-dr1ven linear 
\ ' 
\ -

mator 'Nere used. / 

Figure 10 shows a block diagram of the complete drive ' 

assembly. A ramp generator 'Nas used to providé a linearlr increasing 
, 

voltage that rised from zero to one volt in a Ume span that Olas 

controlled by an external pot~ntiometer. The ~isd time of the ramp 
:", 

could b'e varied from 0.3 to 5 seconds. The ramp whoveform was fed 

to a servo'amplifier which provided a contrql signal to drive the .. 
linear motor. The motor Olas a modified version of the kind used in 

fast chart recorders and provided a sta~le linear motion for 'the 

. , 
travelling metal plate. A tin plate, Ol1th the dimensions of 2mm by 

0.6 mm by 3 cm was hlackened with a spray-dye (Nextel ~~lvet Coating. 

3 M Co.)'. spe~ified to resist high temperatu,res ('V2000C). A probe, 
" \ li ' 

one end cannecte,d ta the drive mechanism of the linear motor and the 
, ~ , 

; other end having a latch mechanism, was buil,t out of teflon and 
L 

, , 
. plexiglass ta carry th~ tin plate. An optical t~igger, consisting 

~ , .-

" of a smali 1nfrared. emitting diode' and a photocell., Olas used to 
, , 

'trigger the X-axis ~eep of the oscilloscope just before the metal . , 

strip reached the plasma,. This was later replaced by ~ mechanical 1 
. ~ 

, 
\ 

\ 
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" trigger sys.tem cot;lsisting of a micro-switch. 
) l' 

, 1 

\ 

Hi) Osdlloàcope-Computer Interface 

, J 

The d:l,gital storage oscilloscope used (Gould-Br\1sb, 

Advance Model 054000/4001, with Output Unit) stG>red the waveform 

information presented on -the CRT diSplay, by means of a 1024 byte 

x 8 bit memory. Each 8 bit word contained the voltage o:r Y-axis 

!lnformatlon for each individual sampled point of the waveform. 

Every complete sweep of the X-axis produced 1024 sampled points. 

~e result was a digital pfcture of the CRT display stored in 

memory: The digital information contained therein was available at 
, - ' 

a user-accessib~e terminal in the oscilloscope. In order to 

accommodate two separate channels, the memory must be alternatively 

divided between the two incoming signaIs. Channel 1 was, put into 

even-numbered memory locations and Channel 2 in odd-numbered :'!paltes. 

The result was that each signal was sampled 512 times instead of 

the maximum 1024. 

In order ta retrieve the stored information, the oS.o..11-

loscope user port provided two eight-bit output buses and two one-bit 

synchronitation Hnes. One bus accessed ev~n address (Channel 1) 
, \ 

information. and the other bus presented odd address (Channel 2) 

data. Valid data on each bus was indicated when a momentary 
'\ 

transition from a 10gical 1 to 0 occura on its associaûed synchro-

nization line. The entire' memory was transferred in a succession of 

. even and odd addresses, and output was initi~lized by maans of a 
1 , 

, r 

\ 

\ -
î 
\ 
i 

~ 

1 
~ 

. J 
J 

i 



, , , , 
"t" 
1-

(.~ 

i 
" 

132 

pushl:iutton on the oscilloscope panel. 

The PET 2<fOl (Commodore) minicomputer which was used to 

analyze the stored oscillosco)'e data had an 8-bit user-access'ible 

input port. In arder ta accommodate the two output terminals of the 

~ j 
oscilloscope, an ,interface circuit was necessary to' alternatively 

swi tch the two 8-bit signals into the computer 1 s input.' A block 
1 

diagram of how tne interface performed this function is shown in 

Figure 11. The function of multiplexing the two signals into one 

1i~e was performed by the SO~id-state switches shown in the diagram. 
~ 0 

The switches allowed signals to pass when their associated control 
, , 

Hnes went to alogie L For example, say the oscilloscope has just 

presented an a-bit word at the "e,hannel 1 Data In" line (only one 

bit ia shawn for clarity), at the sarne ,time the Channel l Synchro-

nizatlon Signal will go from l, ta 0, flow through Hs associated 
... :.' 

pulse shaper. and latch the fHp-flop sa that the Channel 1 Control 

Line go es higjl. This puts the Channel l input data onto the output 

bus. Note that the Channel 2 Control Line is low and any data 

present at the Channel 2 input port will not affect the output. 

When the 'oscilloscope indicates that the Channel 2 data 1a ready 1 

the Channel 2 Synchr~nization signal will momentarily go low, 

rever~1ng the state of the f1:lp-flop, causing the Channel l Control 

Line to go lo'W~ the Channel 2 Control Line to go high. and presenting 

the new data at the output port. The outputs of ,the two pulse 

shapers were also connected to an "OR" gate which provided a train 
, 

of pulses to the computer indicating when successive channel data 

, 

',' 
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'Were being presented at < the output. The computer had no !Nay of 

knowing directl,Y whether a data byte corresponded to Channel l or b 

\ 

Channel 2. lt simply assumed that the first "DATA READY" pulse 

corresponded,to Çhannel 1, the second to Channel 2, and so forth 

until the whole memory was transferred by~e oscilloscope. The 

\ 
pulse shapers which were used to interfaoe the synchroni~ation 

signaIs from the oscillo~cope converted the latter's short duration .. 
(200 ns) pul~es into a longer duration signal (l~ ms) suitable for 

sensing by the computer. A detailed circuit diagram of the inter-

face ls shown in Figure 12. 

A computer program, written in both BASIC and ASSEMBLER 

languages to opera te on a Commodore PET mi~icomputer. was utilized 

to proc8ss the raw data. The obj ectives of "the program, which are 

reproduced, and explained in detail in AppendiX D, were: 
1 

1 \ 
a. to t't'ansfer data as stored in the memory of the 

GOULD storage oscilloscope to the memory of the 
\ 

PET,minicomputer; 

b. to reproduce graphically the transferred data; 

c. to smooth and differentiate the data by using 

the Convolution Integers ~thod, described by 

Savitzky and Golay (1964); 

d. to plot the derivatives thus obtainedj 

e. te calculate thf temperature at each data point 

using the ratio of the derivatives in Equations 

i 
1 
i 
1 
1 

\ 
j 

~ , 
) 

'j . , 
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FIGURE 12 
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l or 2; 

~ f. to plot and tabulate the temperatures, as a 

function of radius (calculated irom the speed of 

the linear motor and time-scale of the 

oscilloscope, both lmanually inp~t to the mi"t 

compufer) ; 

3. Impact Pressure Measurement Technique 
1 

A dynamic pressure probe was developed ta obtain direct 

flow field distributions in the transferred'arc column. The probe 

inv~lved in this work follows the design of Barkan and Whitman 

(1966). lt consisted of a miniature pitot tube swept through the 

column. The pitot tube was connected to a pressure transducer which 

produced a signal prqportional ta the local dynamip pressure. The 

velocity and mass flow density were then derived from the dynamic 

pressure ~th the aid of the Bernoulli-equation corrected for viscous 

effects. 

The selection of the pressure transducer to be used in 

this work was based on the criteria of light weight, high sens~tivity, 

high response time and resistance to shock, vibration and relatively 

high temp'eratutes. The unit described by Barkan ,and Whitman in~ol'ITed 

a piezoelectrical pressure transducer with a sensltivity of ~O.5 psi. 

sheer et al (1969), who ,Itested this tr,sduc~r i~' a f~ee-burning arc, 

found l' - ." 
it ta be wholly Inadequate. They suggested that the sensitiv1ty 

requ1rement shou1d be two orders of magnitude higher. They finally . 
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adopted the Pace-Wianco Model PlOSD variable relue tance transducer, 

having a sensitivity <0.001 psi. In th~ light of this information, 

'" the various available pressure transducer~, on the market ~ere 
'\ 

checked. and eventually the Celesco Model P109D miniature variable 

reluctanee differential pressure transducer 'was selected. This 

unit showed a sensitivity of <0.005 psi; artd was much more in-

sensitive to mechanical shock and vibration than any of the piezo-

electrie types available, The possibility of changing it,s 

stainless diaphragm was a definite ~mprovement over the Paee-Wianco 

P10SD user by Sheer et al. 

A small stainless steel pitot tube. l.S87S-mm (l/16-inch) 
~ '" ' 

O.D •• O. 50S-mm I.D. by 3. 7S-cm long was connected to the transducer 

via teflon fittings to prevent arcing. The hook length was 0.6 cm, 

short enough to pre.vent the establishment of a cathode-anode dis charge 

on the probe, but sufficient to avoid spurious pressure'effects. 

The face ~f the transducer subjected to plasma radiation was shielded 

by an aluminum plate, acting as a heat sink., A thin tefèn gasket 

ptaced in betWeen prQvided the required thermal insulation. The 

transducer was firmly attached on a mounting assembly which vas 

driven by the linear mator described in the previous section. 
, \ 

Figure 13 shows a schema tic representation of ttie pressure probe 

unit. 

The electrical outlets of the transducer vere connected to a 
y< 1. 

gemodulator (Model CDIO miniature carrie'r-demodulator, by Celesco) 
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whose output was displayed on a Gould-Brush ~igital'~torage 
oscilloscope. The same triggering system as in ~he ~emperature 

~, '-----------
diagn~tic system was also employed ~.e..,-,-The--ffarisducer·ând the 

_-- J 
v __ -,-------~:- ,1 ! 

pitot tube ,we::eylibrated against an accurate alc/ohol manometer. 

,~ 
~--

, The selection of the diaphragm used in the pressure 

'transduc-er was based on the preliminary measurements of impact 
, (-',- J _" 

pressure carried ou~ with 'the anode hav1ng ~ ~-fagna:!-~q.n--Pre-ssûre 
-,-

, -- , ~ , -~~ 

t~p. .Consequently, a diaphragm with a .~il!!Ûm measurement capacity 
, ~ 1: 

of 0.1 pdg was selected ~ / ,/:---- ('v 

~ 

One /of­
~-

response time. A 

--e important parametets in this work was the 
1. 

time-resolved calibraÙpn was made by directing a 
<,<-

CQld "'et of air at the probe assembly, interpôsing a small metai 

strip (carried by the linear motor) in which, a slot h~d b'e~n eut 

between the probe and the cold air' jet. As the. strip was moveçi back 

"' and forth by the linear motor (at a constant speed), squ~re wave 

, ' 

pul~es of air were directed at the probe: Fo: the probe ~~loyed in , 
this investigation, ,',8. time constant of about 0.002 second was 

observed in this way. 

To test the ttansient tespsmse of the system, the trah'sduce~ 
.;"' ,1':> ~ 0 

and the pitot tube were mounted" on the linear motor and transient 

. " 
measurements of the flow'fie+d of an argOn jet issuing !rom a 2-cm 

LD. pipe were made at 

we.re iompared with the 

• l' 

'-. --- ........ - -_. -~ ........... -. : 

.. " 

different traverse speèds' •. The m~asu,rements 

1 steady state (stati~nary) measurements. The 
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results are shown in Figure 14, from which 1t 1s seen that at 

~averse speeds aroun~ 20 'cm/s, the transient response of the system 

was satisfactory. At this speed. the exposure time of ,the stain- , 

less steel tube to the hot plasma was short enough ta avoid thermal 

damage of the portion immersed in tht column. 

1 The dynamic pressure data obtained were reduced ta gas' 

': velocity by means of 8 simple relation derived °as follows. 

For ~n lncompr~ssible fluid and isentropic recovery of 

pressure in 'the t~be. one can write: 

\ 
\ 

where 6P "" difference between the measured 

impact pressure and the free 

stream pressure 

P .. "g8,S denJi'ty 0 

U "" gas veloc~ty 

Because of the assumption of incompressibility, .e. may be taken as 
1 

the free str~~ density. ':From the ideal gas law: 

Ivhere the subscript ai denotes the free stream value. 

~quation (3) (Bernoulli's Equation) assumes incompres-, 

(3) 

(4) 

sib1~ity as well as negl1gible viscous effects. For the flow regimes 

i 1 
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involved, the maximum value of the Mach number was <0.13; thus the 

error invalved in the assumptian of imeompressibility was <1% 

(Shapiro, 1953). The vlscous ~ffeèts, however, could not be 
, 

neglected for many of the flow conditions used in this work. lt has 

been ~bserved by several workers that at very low Reynolds number 

(~20); the effect of gaa viscosity ls to increase the dynamic 

pressure deve1oped'in the pitot tube aver that given by the 
1 

Bernoulli Equation. Th";S: 

1 .' 

I1P - 1/2 p U{l + P' 

vhere' pl = increase in dynamic presâure due 

to viscosity 

Barker-(1922) used Stokes' Law ta derive an expression for pl, as r 
follows: 

P' ,.. 3/2 l.I U/a 

1 

where a D inside radius of pitot tube 

~ a viscosity of the gas 

Substituting Equation (6) in (5): 
1 

.. 

6.P .. 1/2 p U2 + 3/2 )J U/a 
,O·,· 

The experiments of Barker shoved that there i8 a linear 

discrepancy between the measured values of the pressu~e and those 

(5) 

(6) 

(7) 

obtalned fram Equation (7). The discrepancy can be taken iDto account 

. . 
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'bya constant, whose value was calculated as 1.10022, by a linear 

fit in this work. Thus, the relationship between measured and 

theoretical values, can be very close1y expressed by: 
1 

6.P III 1.1 !iP (8) exp. 

where AP III the experimenéal1y determined pressure. Substituting exp 1 

Equation (8) in Equation (7) yields: 

1.1 AP - 1/2 p U2 + 3/2 ~ U/a exp 
!' 

,/ 
Sqlving this equation for U, one obtains: 

1 
1 

(9) 

U • 1/2 {-3v/a + [(3vla)2 + S.SAP /p]1/2} 
exp 

(10) 

where v = kinematic viscosity (~/p). 

Both ~ and .e.. used in Equation (10) are ~unctions of 

temperature. Following the 1 results of Carleton (1970) '<i? the temper-

ature used in the determination of viscosity and density ~as 

chosen to be that corresponding to the mean enthalpy of the pitot 

tube wall and frke stream. Both.l!. and .e. were corrected for 

departures from the ideal gas 1aw, ustng theoret1c~l1y-derived 

relations between viscosity and compressib{lity versus temperature 
" 

(Ahtye, 1965). 
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PROCEDURES 

i." 

In this section. the procedures involved in operating the 

exper~ental system described in the previous section are explafned. 

Included in this discussion are start-up and'operat~on of the 

transferred-arc, precautionary safety measures, measurement of 
, /1 

• 1 temperature and the procedure for l.lllpact pressure measy,rements. 

... 
1. P1a.sma' Start-up and Operation 

Prior to each run, the surface of the anode was cleaned ' 

with fine emery clotho A plexiglass centering piece was then used 

to centre the anode (see Figure 15). After the position of the anode 

was fixed, the cathode assembly was [owered to about 2 mm away from 

the anode. The upper limiting microswitch was adjusted ta pre-
, 

determine the arc length. The cooling water to the various channels 

was turned 'on, and the desired flow rates were set and recorded. The 

argon cylinder outlet pre,~sure was adjusted and the main power awitch 

waS turned on. First, the high-rrequency start-up test knob was 

used te ensure t~at the electrodes were clQse enough to start the 

arc. The power to th~ electrodes was then engaged and argon flow 

rate' was; set to an arbitrary medium value. The arc was then ignited 

pressing the high-frequency ignition button. After the ignition, 
\ 

the mot or that lifted the cathode was switched on immediately and 

the applied current was simultaneously increased. "When the full arc 

length was reached, the argon flow rate was adjusted to the desired 

value and the current was again set. This sequence of steps 

t 
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provided sufficient reproducibility o~ the torch operation and 

insured stability in the operation as indicated by the current and 
',- 1 \ , 

voltage. The excessive heating of the electrodes was also prevented. 

When the injection gas was to' be fed', it was only introduced after 

the full arc length had been achieved, to ensure easy control of 
, 

the current. Whenever a new operation condition w~s introduced, the 

voltmeter leads were connected to the oscilloscope ~nd the voltage 
( 

fluctuations were observed. The magnitude of the~e fluctuations was 
1 

taken as the criterion for filtering the unstable conditions. 

In most cases, the arc characteristics did not drift 

appreciably for the duration of a run, which sometimes was as iong 

as half an hour. The voltage and current, and the various cooling 

water flow rates and temperatures were recorded at intermediate 

times 'during the course of a run. 

It should be mentioned that the only controllable electrical 

parameter was the current applied. The arc voltage could not be 

sp_ecified. but dJpended on the argon flow rate and the arc current / 

for a given electrode separation. Thus, a power level wa~ specified 

when a current was selected for a given operating c?ndition. and if 

the current control was not changed, the power level'remained 

essentiJlly constant. 

\ 

! 
! ' 
! 
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2. Precauti-onary Safsl1 Measures 

Because of the high intensity radiation amitted by the arc 
, 

column. several precautionary measures were necessary. The arc 
l', 

column was suffic~ently bright to cause serious eye damage if 

viewed without eye protection. The arc column was observed dire~tly 

only through an electrical welding helmet. A radiation shie,l.d with 
1 

à welding filter window was placed between the ,assemb1y and the 

control console. A warnins light was installed at the laboratory 

e trance ta prevent persons from entering without proper eye 

p otection. The table holding the assembly was careful1y insulated 

f om the current carrying parts and was never ap~roached without 
1 

w Iding gloves. The UV radiation from the plasma could a1so cause 

b ms on the" skin. ~nd thus eare was taken not to expose bare skin 

o the plasma radiation. During operation of the plasma, a build-

of OZOne in the laboratory due to UV radiation emitted by the 

plas~ could be detected. An exhaust fan was employed toi eliminate ' 

this problem. 

3. Temperature Measurements 

For temperature measurements, it was very important to 

align the blocking metal strip. the aperture 4nd the receiving 

optics. For this purpose, a llelium-Neon Laser was used. Prior to 

an experimene. the laser system was positioned such that the laser 
, 

beam would pass thraugh the axis of the plasma, at the vertical 
1 

position where the temperature profile would be obtained. The 
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plexiglass centering device already mentioned was used for ~eter-

mining the axis and a cathetometer was ~ployed for vertical 

Ievel'ing. The aperture~ which consisted of a 100 ].lm-hole mounted 

on ~ aluminum bellows system. was then aligned according to t~e 

laser beam. The position of the optical system, which was placed' 

on a precision laboratory jack, was aIse roughly adjusted. A 
, 

dummy blocking metal strip was attached to the probe extending from 

the linear.motor. Then the linear motor assembly and the aluminum 

rod support used ta eliminate vibrations 'of ,the probe were aligned 

carefully so ~hat the 'meta! strip would be on line with the tiny 

laser beam during its complete traverse. This ensured that the 

blocking strip would sweep the plasma horizontally, at the vertical 

position where the telUPerature profile was desired'. The spè'èd of 

the linear motor was checked from the chart recorder ~hich was 

connected to the servo-amplifier. Then the dummy b10cking metal 

was replaced with a newly painted tin strip. lts position with 

respect to the electrodes was aga in checked using the cathetometer. 

The laser system and centering 4evice were then re~oved. Figure 

15 shows a sketch qf the alignment system. 
c' 

Prior 'to a11 these adjustments, the power supply of the 

sensor head had to be turned on to provide sufficient time for the 

warm-up of the amplifiera. An experimel1t was attempted only when. 

the zero positions of the outputs of the two sensors Were stabilized, 

as observed on the digital s'torage oscilloscope. 
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SKETCH OF THE ALIGNMENT SYSTEM 
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The transferred-arc plasma was then generated as 

previously explained. After the necessaJty adjustmen~s had beeo made 

for a stable operation, the Neodymium mirror in the sensor he ad , 

assembly was oriented such that the plasma could be viewed through 
1 

tbe eyepi~ce. The bright spot of the, aperture was foèused and 

centered with respe~t to the cross-hair lines in tbe eyepiece. by 

adjusting the three-ditensional traversing mechanism on which the 

optical assembly was mounted. 

The next step in the sequence was to ad~ust the sensitivity 

and the sweep rate of the oscilloscope such that the whole of_ the, 

rising curve (or falling curvf' depending,oo the direction of the 

traverse) resulting fr~ the traverse would be captured on the 
\ 

sereen. The oscilloscope was set ta the external triggering-

storage mode. !hen the linear motor was turned on' and, with the 
\ 

coœmand of a pushbuttom. the metal strip was traversed through the 
" . ' 

plasma. Meanwhile r the speed of the linear motor and the voltage 

fluctuations of the plasma were recorded on,chart recorders. The 

experiment was considered as valid if the outputs of the sensors 

showed little or 00 noise ana if the voltage fluctuations were below 

acceptable levels. ' 0 \ 

,1 
Following shutdown of the plasma, the recQrded data were • 

transferred to the mitiieomputer. For this purpose, the l minicomputer 

vas first turned Qn (during an exper:lment~, tlle minicomputer had ta 
'[ 

be turned off to proteet it frOID the
l 
high"':frequency no+se of t~e 
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, 

plasma starter). The BASIC program stored on a cassette was 
[1 

loaded and then run. The transfer button of the'oscilloscope was 

pressed whèn the computer progrmn requested so. The s~ttings of 

the -oscillo,scope and t,he calculated linear motor speed ~jare 

-
manually input, again when the program demanqed. The authenticity 

of the transfer was checked visually from the reproduction on the 
- ~ 

CRT. Finally, the.temperature-versus-radius-graph was transcribed 

on transparent sheets prepared to fit on the CR'! Bcreen. 

4. Velocity 

The impact pressure and temP~rature measurements 'had to be 
, ' 

p-erformed separately ,since they employed the same driving Ulechanism 

and s torage oscilloscope. Generally. the impapt pre~sure measure-

ments followed temperature measurements and, to ensure reproduci-:-

, Il ' " , 
bility, the arc léngth, gas ,flow rate and arc currebt were ~arefully 

~ JI 

set and t~ arc voltage was closely monitored. The cotidition for 

reproducibility ~s set at <1% change in arc, voltages. 

Priar ta an ,experiment. the pitot tube and transducer vere 

p'laced on th~ driveo mechanis1Î1 and ,> the llnear motor' 8 vert;ëal. 

position was adjusted such that the tip. of the pitot tube would be 

st the -'vertical poaitiou ,in the a~c wh~re the! prof~le was to be , 
\ 

obtained. A cathetometer was ùsed ta effect this positioning. ~ The 
_,./1 C' ' " 

, "Vi • , 
speed of the' l~near motor wa8 then checud arid adjusted around 

, 

,,r 

\ 

20 cm/s. Mter th.- pitot tube and transdueer mounting assembly we]:e ' '\ 

brought to th~ rést position (about 10 cil avay fr01ll the plasma 

i 
j 
~ 

" /.j 
" ~ 
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/ 

L 1 

i8, to minimiz~ heating~due to radiation) the transfer-red arc 

/ 

/

PlaslDS. was generated and the transducer modulator was turned on. 

The oscilloscope was set to the s~'orage mode and the 1inear motor 

wa,/activated. When the response of the transducef wa8 captured 

/~j
/ on the oscilloscope, it was transf,erred to the chart rec0l!der 

(which already registered the speed of the 1inear motor) "and' the 

, ~ 
.ineasutement WàS repeated with the direction of the 'traverse of the 

\ 

\ 

pitot tube reversed. ~ter the second 'recording was captured, the 
1 

plasma wss shut off and the responses obtained in the forward and 

rèvars~ traverses c:ompared. The experiment was repeated if they 

showed any deviation. 
~,? 

The cond:l;tion of the pitot tube was checked , . 
,':"~~-

to de termine if the thermal ablation was appreciable. 

The ~ata r'sad from the recorder were used, together with 
, "-

plasma te1l1?erat{ires, to obtai.P the gas velocity profile. These 

values were also converted into mass floW' density using gas 

dens1t1es.' The PET Minicomputer was employed for these calculations. 

,if 
l" 

/ 

~ ~,--~ .. -...----~ .... _--
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RESULTS AND DISCUSSION 

The resut ts of the experimental ~ork are pt'esented and 

/diseussed in this section. General observations on the behàviour 

of the transferred-arc plasma and on the electrodes are report~d 

UrGt. The electrical eharacteristics of the arc, )lamely the arc 

voltage and the voltage gradient as a function' of a number of 

parameters, are then considered as ~ possible aid for pr,ediet-ion -of 

the transferred arc behaviour. C1lorimetric measuremè'nts made to 

describe the heat losses of the plasma are discussed. Measurements 
1 ll"J 

of the· thermal condidon of the plasma are presented. Veloei ty 

,profiles obta.+ned from impact pressure measure1llents are a~alyzed. 

Finally, the masS' and energy balances are performed. 

, / 

1 - General Observations 

Before the specifie details of the out~ome of -the various 

phases of this study are presented, lt is important that some 

general observations on .the behaviour of the tranf,lferred arc p~asma 

be reported. Such observations could be most valuable to future 

rasearchers in this field. 

Anode Condition 

In the initial phases ~f the experimental work, sever al 
. ' 

difficulties were experieneed due ta water leakages resulting from 
,\ 

local melting at the anode surface. After the design' of the anode 

had ~een ~roved and ~eh higher water flow rates were used. 

/ 
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melting of anode surface was minimized but not completely e1imr 

inated. Bence, it was neèessary to change the anode face disc 

after about ten (10) long runs. It was observed that the plasma 

created a crater at its axis on the anode face, and that tzhe 

material removed from this. part was carried towards the outer 

periphery, of the ~lasma. Figure 16 shows a photograph of an anode 

surface, after about one-half ho~oof operation. The s1ight 

oxidation 'observed was suspected to occur primarily in the short 
/' 

~ ,time interval between the termination o.f! rhe plasma and the cooling 
, . 

of the anod~ attachment spot, although the pes~ibility of air 

entratwment into the arc could not be 'completely ruled out at that 
/ 

time. 

1 

Another important observation about the anode was that the 
-

high-frequency arc used to ignite the plasma, with the cathode in 

close proximity. caused serie us damage on the a~ode surface in the 

form of streaks. Thus. it can be st,ated that the number of startups 

to which a partic~lar anode has been subfected' is as important in 

determining its life as the total time of operation. 
~ 

." Cathode Condition, 

The tungsten cathodes.used in this work were ground~to a 

sharp. cpnical tip. After a fsw,1Ilinutss of operation. there was 

some mater1al 108s at the tip, causing it to assume a hemispherical , ~ 

shape. The cathod~. hoWever. maintained this "equilibrium" , 

'-. 
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FIGURE 16 

PHOTOGRAPH OF THE ANODE SURFACE AETER 

".jo MINunS CONTINUOUS OPERATION (X3) 
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condition for many hours of o?eration. The photographs o~ a,new 

tip and one after se!eral hours of operation are shown on Figure 1 

17. tt was thus assumed that contamination of the plasma by 
" 1 

tungsten vapors was negligible. 

Electrode:. ·Coneentrici ty 

The concentricity of the cathode tip with the nozzl~ w~s 

found to be ve~ critical in the operation of the transferred arc. 

If the conieal tungsten cathode tip was not perfectly centered in 

" 
the conieal brass nozzle, , verY poor gas distribution was obtained 

at the exit plane of the nozzle. 
\ 

As a-result. preferential 

attachment of the arc to a· spot other than the centre of the anode 

(where maximum cooling rate was achiaved) was observed and the 
\ 

anode lifetim~ was sharply redueed. At tillleS, the are made 

sporadic jumps from one position to the other. Thus, concentricity 

of the cathode. was of paramount importance for stability and 
~ 

'~xtended anode life. "-This was checked by using a mirrer arrangement 

after each cathode tip replacement. 'Further, the plasma was closely 
, 1 

l • 

. 
" 

observed fr01ll different angles and necessary adjustments wer~ made / . 

via the retaining serews at .the heâd of the cathode assembly. As 

a result, th~ photo~aphs of the plasma revealed that. on average, 

the axis or the lare. column 'c.oincided with the,-sho1:te.st path between 

the ca.thode tip and anode to within cirea 0.5 mm., except for ar,c 

lengths > '10 cm, in w~ieh case the arc was not stable, regardless 
... \ 

of concentricity of elèctrodes. 
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FIGURE 17 
i 

PHOTOGRAPHS OF THE 'CATHO:QE TI? 

BUORE AND AFTER OPERATION (X4 )2 
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li 
2 - Design of Experiments 

,The experimental work was earried out in two stages. The 

first was mainly devoted to the determination of the stable operating 
é 

conditions and was used as a guide to detenntne the expertmental 
1 

conditions of the second stage. In the first stage, electrical. 

calorimetrie and photographie measurements were earried out and 

1 because of the short time required to collec,t the data, the 

experimental Ide~,~gn of thi~ phase \inClUded all the possible eom-
, , 17 

binations of the selected values o'f the operating conditioD,s. The 

second stage involved temperàture and impact pressure mea~urements. 

The more co~plex nature of these measurements necessitated a 

selective eXperimental design. Details of the se experimental . 
designs will be discussed in the appropriate sections. 

J 

3 "7" Total Arc Voltage Analysis 

This phase of the experimental work was basically ~ 

ploratory in natùre. At t;,he beginn;tng oI this stage, the e,ffect of 

t~e appliedkurrent (1), the electrode separation (2), the argon 

volumetrie f10w rate (Q) and the annular nozzle area (A) on the 
, , 

total arc voltage CV) was investigated. A 600. nozzle (with the 

horizontal) was used. No injection gas was fed. Following analysis 

of the results, it was hypothesized that the argon volumetrie flow 

rate and the annuJ.ar nozzle area could be combined into a single 

p~raméter, termed the "Inlet Gas Velocity" Cv.). A new set of 
\ 
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eXperiments were performed ta substantiate this daim. Again,~ a 

60 0 npzz~ but with two different nozzle diameters (Dn) without,. 

any injec'rfon gas, W8S used. Finally, the effect o~ the nozzle \ 

angle 

t"tal 

(e~_a~d~jection gas v91umetric flow rate (q) ~n the 

arc voltag~ was studied with a new exper~ental design. A 

three-variable Box-Behnken Design (Box and Behnken, ~960) was used 

for the last two sets, while aIL the possible combinations of the 

parameters were investigated for the first set. 

The experimental conditions for Set lare shown in Table 
1 

1: The particular ranges of parameters were chosen with ,the 

considerations of possible indus trial applications èfor t), of 

/elec.trode lifet1me (for miXlimum Q and maximum 1), of arc stability 

(for minimum l and maximum Q) and of cathode design ~for A): ~ 
voltages recorded'will be presented in two ways: (a) the sust~.)ed 
arc voltage versus electrode separation with gas f10w r~te as the 

third parameter and the app11ed current and/or the nozzle annular 
0, 

area varying between the graphs, (Figures 18 to 20 show three 
, 

\ 
typical representations of the aine such graphs abtained; detailed 

pata are ,given in Appendix E); (b) the sustài~ed voltage versus 
\ 

the inlet gas velocity (ratio of the flow rate and the nozzle, 

annular area) with the current as the third parameter. Here, four 

graphs, one for each 'electrode separation, would be obtained. 

Fig~res 21 ta 24 show the r~sults obtaiaed in these cases. 

As can be seen f~om 'Figures, 18 to 20, it was not always 
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TABLE l 

ExPERÏMENTAL CONDITIONS FOR SET l 

" 

Annular Area CA) 0.085, 0.07 and 0.055 cm 2 

Current (1) 150, 250 and 350 A 

Electrode Separation 0,) 4, 6, 8, 10 cm 
", 

1 

Ar Volume FloW' Rate (Q) 14, 17, 20 L/min. 
,\~. 

Nozzle Angle (0) 

.Nozzle Diameter CD ) n 0.15 11 (=0.381 cm) 

No Injection Gas Used 

Total Number 
Jl 

of Experimenta 108 

, , 
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FIGURE 18 

ARC VOLTAGE VARIATION Wlm 

ELECTRODE SEPARATION 

(Low Current, Large Area) 

1 9 

, '> 



/ 
1 

(-

\. 

o 

. , 
,~_ ~_~ .. ,_t..,..,.,...,.;>tO<;'"' ....... " ~_"'''' ~ ~ ........ >I:""\ ... '<?<, .... "t_..,...... ""''><tl'>''-<'''''-'' .", .,..""." _ ........ _,. ...... _~* .. ,,~ ___ ~ ........... __ 

< li 
, ' 

.' 

-;. 

126 ,.---~----_..:...-_----.;-------, 

110 

~ 100 

> 90 ... 
LaJ· 
C) 
!ct 
~ 80 
0 
>~ 

u a:: 70 
<t 

60 

50 

, 
APPLI 0 CURRE~T : 150 A / 

NOZZLE ANN. AREA:: 0:085 cm2 / / 
/ 1 

/ 

\ .Q 

ARGON FLOW RATE 

o 14 Llmln 

/:::;. 17 LI min 

GJ 20' LI min 

40 '--_--a. __ -'-__ "---_--'-__ ....I-_----I 

o 2 4 6 cj la 12 

ELECTRODE SEPARATION, cm 
1 • -, 

, . 
r 

.. 

- 1 

. -

/' l 
. f 

.j \ 

l . 
~ 

ü .: 

) 



~1 
J', 

~ 
t~ 

'It:: 
~" 

~ ,,:,,1 

i' 

" 
" 
~\ 
" t' 
~, 

r 
" 

. \ 

, " 
-~- - l""'''~''l,'''''''''''''''f!l?~""",~,,, rwp~J+~"'iI~~~!I<M~",J'>t..,_,,*,~_ '~~"".'t "">"'1"':>"'1-"""" .. ,. .. _~ ...... ......"" .. '! ... I._~"""'~(I"",. ___ .. ""-...... 

1 

~ 

vO 

) . 
. ''''', 

" 

, f 

161 

1\' , , , 

'\ 

F-lGURE 

ARC VOLTAGE VARIATION WITH 

ELECTRODE SEPARATION 
~ 

,; (Medium Current, 'Medium Area) 
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FIGURE 20 

ARC VOLTAGE VARIATION WITH 

:WCTRODE SEPARATION 

(l!igp. Ç,urrent, Smal1 Area) 
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FIGURE 22 

ARC VOLTAGE VARIATION WITH 

INLEr GAS VELOCITY 

(Electrode Separation: 6 cm) 
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FIGURE 23 

ARC VOLTAGE VARIATION WITH 

INLET GAS VELOCITY 

(Electrode Separati~n: 8 cm) 

1 

\ 

,,' 

, 

J 



,-'~- '''-I-~y'''''~-:::''''''''.'''''~~ ~-""'''-'''''''~'''''''''''''''4~''''''''r~W~!4".,tc''r, ... \ ... ev,A!WI' ~Ql"r4;J,Zt;:ZQ:;4tI2, kW 

u-
'"", ~-_. -----

I~O 1 
"t----t} 

--

ELECTRODE SEPARATION: 8 cm 

> ... -' 10 ~ 150 A 
'j-

W, 0 

;IOO~ 
0 ·250 A 1 

0 
~ 

~ 
~ 350A -' '1 

0 
> -

/ U 90 a:: 
<t: 

1 1 r 
.~ 

~ 80 
'4-

25 30 35 40 1 45 50 55 60 
'J -

INLET GAS VELOCITY, m,ts -

~ 

~ 
~ 

/" 

; ;,,~.~. ;~~~.k~;1'W;:''';: 
.. _ ...... "." .. -';.\,~ ....... ...;;,,' w-.1.·~f'>;;'~"""";!;'oi:,~~_"';:"",_"';;:;:,,,:,.1,~~ ... q .. 



< .. -,- f" "V 

, 
< 

o 

166 

'i 

'. 

FIGURE 24 

Al\C VOLTAGE VARIATION WITH 

INtET GAS VELOCIn' ,.... 

(Elec~rode SeparatioQ: 10cm) 
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\ - '" 
possible to operate at large electréde separations (due ta an 1n-

suf~icient pOWJ!r supply) and for these conditions, additional 

experiments were done at 7 a~d' 9 C1D arc leogths ta obtain enough 

data points ~o that extrapolation ta 10 cm. could be done. As a 

consequence, part of Figure 24 was -drawn 00 the basis of the 

1 extrapolated data. 
l, 

f From the first set of figures. it can be se,en thall! the 
o ~ 

susta!ned voltage increased significantly with increasing electrode 

separation. This is expected sinç.e the gas resistance is directly 

proportional to the arc length., This increase was more important 

for higher gas flow rates, p'robably due to temperature effects. The 

\\ 
nozzle annu.lar area did hot affect the gradient of this increasej 

however, everythiag else being fixed, this gradient '<jas higher for 

amaller currents, ag'ain most likely due to temperatute effects. 

The sustained al,"c voltage "las relatively independent, o-t the 

applied cùrrent. This statement was more correct for shorter arcs, 

for smaller gas flow rates, and for smaller nozzle annular areas. 
, , , 

This :i.s surprising at !irst glance; however, if the electrical 

conductivity versus temperature curv:e for 'argC?n 0:i.~ taken into 
Jl 

consideration (shown in Appendix F), it can be seen that: the 

electrical conductivity'(and thus the resistance) of an argon plasma 

does IlOt change tOQ rapidly with temperature i,n the high temperature 

range r Thus, p robab,ly the plasmas genera ted for 1.50 to 350 A had 

average temperatures -in this -r~ng~. 
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, " 

The ~ffect of the gas flow rate was almo$t negligible 'for 

short arcs, but was significant for 
l' 

long arcs.' The ij.ozzle annular , . 
')a~a was observed to be an important parameter in the effect of the 

gas flow rate 'on the voltage. These effects can possibly be 

exp1ained by the increase in convective lossés from tèt; plasma due 

to increase in gas velocity and surface area. 

1 
, , 

These co~clusionso could not be directly 'compared with the 
.. , 

Literature due to lack of data in the range 1 invo1ved. Howeve"'; 
, " 

relative1y speaking, the trends obseryed agreed with the few data 

reported by Stoj anoff (1968) for 3-cm arc length at 150 and ,200 

, amperes. 

,The results obtained indicated that ,he g4S flow rate and 

,the annular nozzle area could be combine~ as oX': parame ter ~ "inlet· 

gas velocity," with the unit of m/sec. Figures 21 to 24 show the 

voltages recorded as ~ function of the inlet gas velocity, at 

different electrode separations. 
1 

Different curves were drawn ,for 
, -- . 

, each current. It must be noted that the cou;bination of the fore-

mentioned parameters a~ two of the operating conditions yt'e1ded the 

same inlèt gas velocity (33.33 mis) and the voltages rec;orded at 

these cOnditions were almost identical., As can be seen from, the 
• 1 

comparison of these figUl'es With Figures 18 to 920, this ne~ 

parameter (vil) was mueh 1IlOre important, as far as af.fecting the 

sustained voltage was eopcerned, than the gas 'flow rate or/th~ 
nozzle annularoarea taken alone~ ~ 
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In the l1ght of these observations. it was decided to 
, 

inveâtigate the effect of 'the iolet gas, velacity more systematically" 

lt ls evident tnat v* ls direct1y. related ta the ~mentum of the 

convected gas at the moment of impingement on t,he columo~ 'Since the 
() 

nozzle, i8 a convergent one, the inwardly directed componeb.t of the 

gas momentum will exert a cons~ricting effect on the col~ 10 the 

region Just below\' the cathode tip. This constriction i5 expected to 
'J 

have a considerable influeMe on the arc behaviour. It must be 

noted bere that the influente on an arf column .of -;he gas fl~ 

'controlled by an annular nozzle surrou~ding the cathode was a1so 

studied by "!usz-Peuk.ert and Finkelnburg (1956), Sbeer et al (1969) 
1 ~ - ... \ 

and Stojanoff (1968). The main difference J:)etween their work and" 

.,; ., r' that of the present study lies in the use of different nozzle 

" 

r diameters ln this case to change the nozz1e' annular area in addition 

to just changing the relativJ position of the tip with respect to' 

the nozzle openins. as done in thèir systems. A new set of 

experiments was designed with a larger nozzle. (Diameter· 0.1875 

in '" 0.476 cm). !t was expected that compari~on of the resu1ts of 

this set and the pr.evious set would show whether the inlet gas 
, 

veloclty could be considered as the single parame ter' describing the 
l • l " 
gas .flow conditions (with respect to the sustained voltage) 

regardless of the noztle diameter and nozz1e annul<ar' area. The 
f 

experimental conditions and. the ;oltages 

fact6rial plot in Figure 25. 'The no;zlè 

reco(âe~' arê shown as 
1 

annular area was fixed at 

0.17 cma • The results of Set l (in which 0.15 in '" 0.381 cm 
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,- EXPERIMENTAL CONDITIONS AND RESUL!S 

FOR S§! II 
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diameter n,?zzle was used) are also shown. The data for 2S-m/s inlet 

gas velod.ty for Set l was obtained by extrapolation. 

'The re~sonable agreement between the results of the two sets 

confirmed the assumption that the inlet gas velocity can be con­

sidered as the on~ ,paramet~r requ1red to describe the influence of 

the flow conditions on the susta!ned voltage (and consequently, on the 

arc power). This conclusion was found' important with respect to the 

selection of the experimental conditions for temperature and veloci ty 

measurement's.· Further evidence related to this conclusion will be 
1 1 

given in the subsequent sections. lt should be' added that th1S 

conclusion has ve~~,im.p0!itant implications for the design of com­

mercial/plasma reactors, sinee it should permit considerable' s~!Vings 

/ 
by cut~ing the volumetrie flow rate of expensive plasma gas. as long 

as i ts velocity past 'the cathode ia 'tlIaintained. 

\ 

TOI complete tbe study of the effect of the operating 

parameters on the arc voltage, it was d~cided to investigate the 

voltage. variation with ar~on injection into the plasma columil via 

the three injection channels. The effect of the nozzle angle was 

incorpot'ated 

with '600 and 

in thfs study by performing 

45° 10Zzle angles, w:tth the 

the injection experiments 

same nozzle diameter (0.381 

cm.). ho can be seen from the results presented as a factorial plot 
\ 

on Figure ?6» ga~ injection near the cathOde in addition to the 

plasma fonning gas (termed "Sheath Gas" frotil here onwards to avoid 

confusion) )..owered the sustained arc voltage. This effect was more 
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FIGURE 26 

EXPERIMENTAL CONDITIONS AND 

RESULTS FOR SET III (A & B) 
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pronounced for lower sheath gas inlet velocities 'and for higher 

currents. A few expe:riments made with 6 and 8 cm arcs (not shown), 
1 

gave identical results. 

This phenomenon can be explained by the "Maecker Effect" 

(Somerviille. 1969). As ekp1ained in the "MHD Streaming ;n Arc 

Plasmas" section of the Literature Survey, this effect results from 

the'i,nward1y-directed pressure gradients that exist near the 

electrodes and it ls directly proportional ta the square of the 

• 
applled current. Thus, 'it was argued that at low sheath gas in1et 

velocit1es, the entrainment requirement of the plasma (due to the 

Maecker Effact tlear the c~thode root) was not comple1;ely sa ti-sfie d­

with the amount of argon fed and consequentlY some ambient air was 

drawn into the plasma column. When injection gas was provided. lt 

was drawn in instead of the ambient air and since the electrical 

cC!nductivity of argon 1s higher than that of air above 10,000 K _ 

(Ahtye, 1965 and Devoto, 1978) this replacement caused a lo~ering of 

the sustained volt~ge for the 9ame current. Obviously, less air~was 
\ 

entrained when the sheath gas inlet vilocitYrwaS hi~h and the 

injetti9n of additional gas caused l(ttle or no change in the 
1 

sustaine,d voltage~ Similarly, Ifor h1gh cûrrents, the amount of 

entrained air was higher and thus a greater difference was 

observed. 

It must be noted that the above argument was further 

supported with the observations o)~ lesser ox1dation of the copp~r' 
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anode surface. (This also meant th~t the earlier assumption that 

the s~ight oxidation at the anode attachment occunred primarily in 
1 ~ 

tthe short time interval between the termination of the plasma and 

the cooling of the anode was not conipletely correct). One important 

consequence of the observation that the entrainment capacity'changed 

with operating parameters wàs nhat one optimum condition existed 

where the plasma,was 100% argon plasma. This optimum condition ~ 

\ will exist where increasing the injection 'gas flow rate will not 
] , 

lower the sustained voltage any more but on the contraty t: will , 

increase it. (The same effect of increasing sheath gas inlet 

velocity). For the purpose ~f determining the experimental 

conditions of the tetnperature and veloGity measurements,. experiments 

to this effect were performed and these opttœum values of the 

inje~tion gas flow rates were determined. They will be shown st 

the beginning of the temperature measurements section. No study of . 
, this aspect appears in the literature • 

Finally. the effect of the'nozzle angle can be observed 

from Figure 26. For all the conditions studied. higher voltages 
~ 

were recorded for 45° nozzle. This difference could not be 

explaine~ on the basis of voltage recordings only and the discus-

sion of this subject will be postponed to the sub~equent sections. ,) - , 

Nevertheless, it will be noted that Sheer et al (1973~ compared 
1 

30° and ~5° nozzl,es and found that the plasmas generated by 30° 

nozzle were unacceptably u~stablè. They did not give any 

quantitativ~ evidence to support their observations, however. 'If a 
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lower power requirement ls to be taken as an indication of better 

stability, then the results of the present' study are in accord with 

,Sheer and his co-workers. 

The accuracy of the voltage recordings was ±O.5 V, as read 

from the chart recorder. ~onsidering that the accuracy of the gas 

rotameters was 2% and that of the current control about 5%, it was 

\ 
estilnated that the accuracy of voltage results would be ±2 V. 

\ 

4 
, \ 

Voltage Gradient Study 

The determination of the voltage gradient is important 

sinee it reflect~ the energy content of the column mueh more 

,realistically than the total' are voltage (which includes the 

eleetrode potential drops). The standard method for obtaining a 

voltage gradient Is to measure·the potential distribution along the 

arc length by means of a sweeping wire. Since the,ditferenee between 

the float~g probe potentlal and the plasma potential, although ~ot 
, , 

dirèctly determinable in dense plasmas.' does not vary significantly 

along the column, the potential differences between relatively 

closely spaced points along the column axis will accurately re~lect 

the voltage gtadient. ,In this work., however, as a first approximation, 

1 the gradient of,tne l~ear portion in the graphs,of the total arc 
1 

voltage-versus-elect~ode separation '(Figure 18, for example) was 
, 

calculated at various currents and sheath gas inlet velocities. The 

inherent assumption }n this caleulation.was that the electrode 
~ 

c spaeing did not significantly 1nflu~nce the ~gnitude of the_ 

\ ~ 
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• 
electrode falls. The resu1ts shawn in Figure 27 indicate that the 

etror due ta this assumption is not very critical. lt was observed . 
that eheLbest fit curves joining tbe experimental points at dif-

ferent applied currents ~~3!ted an assymptotic behaviour for high 

inlet gas velociti~'confirm this tendency, additional 
~---------- . 

experiments were performed at 65 and 80 mis tnlet gas velocities. 
1 

<J The voltage gradients calculated for the latter value of v* for the 

three currents were close enough ta prove this particular point. 

1 

Ta further check the accuracy of this technique, actual 

measurements of the potential distribution along the column axis 

vere performed at a fev con4itions (these conditions were the 5ame 

as those used for the temperature and velocity measurements, as 

will be discussed later). lA typical axial potential distribution l 1s 

shawn in Figure 28 (the full data are given in Appendix E). The 

grad~ents of the linear part of these graphs were calculated an~ 
t ._ 

are a190 shown on Figure 27. As can be Sean from the latte~, there 

1s good agreement between the measured values of the voltage gradient 

and the curves drawn on the basis of the first approximation. 

An, examination of these r~sults show tbat the.column 

grad~ent increases with increasing inlet gas velocity which May be 
\ J --""-... 

explained by a g'teatar 108s of energy. The indirect proportionality 

~etween the voltage gradient and the applied eurrent 1s obviously 

due to the i~ase irt the electrical conductivity with increasing 

current. On the other hand, it was not po~sib1e to explain the 
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FIGURE 27 

'" VARIATION OF VOLTAGE GRADIENt 

WITR INLET GAS VELOCITY AND CURRENT 
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convergence of a11 data points to 10 V Icm for high~. At this' 

point, it suffices to say that in case of ~urbulence, the column 

voltage gradient ia determined by the heat dissipation • .... 

/, 

The graphs of the potentia1 distribution along the column 

\ucis (typical of which is Figure 28) revealed an interesting 

deviation of tli'e transferred arc plasma from the other types of arc. 

The potential drop near the cathode was considerably higher and the 

transition between the cathode and the column was larger (about 10 

te 20 V compared with about 5 V for a 5. 6-cm arc at 200 4, g1ven by 

. Emmona, 1963). This was thought t~ be primarily due ~o the lower 

temperatures achiev~d in this region as a result of the convective 

cooling of the cathode. ~e magnitude of ~.anod~ fall seemed to be 

ia,'accord with the other types of arc. Although differefit values for 

',V and V f~rdifferent conditions were obtained, an a114lys1s ,for -c -a 

their variation with operating parameters was not at'tempted due 'to 

the inaccurac~es involved in their determination. 
6 ! 1 

Finally, 'it must be noted that the measurements ot' the 
, \ 

p01@ntial distribution for 45° no~zle and for 6 and a-cm electrode 

\ separati~ns (with 60° nozzl~) yielded almost identical voltage 

_ gradients with 
, lit" -

the h:Lgh total 
1 

be attributed 

/ 

the ones â.l.ready shawn « ± 0.3 VI cm devia tion) . 

arc, vol;t:ages recorded for 45° nozz.le (Fig~re 26) 
If" ' " 

to the larger electrode potential 4ro~a. 
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5' -~1:imetric Stady 

General 

The purpose of tUs phase of the work .,as twofold: firstly, 
Î

1to 
"of 

,1 4 
investigat~- the efficièncy of the transferred-arc plasma in terms 

the 'usable enel'gy, and seeondly, ta check the assumption that the 

cathode assembly design used in this work resulted in an inhibition 
~ , 

j of cathod~ ablation, priIDar\.l.y due ta the convective heat transfer to , ., , 
the high speed fi1.nl' of gas moving past the conieal tip just prior to 

the entry t~ the plasma. 

A large number of different heat transfer processes Dccur 

in a transferred arc s.ystem. A detâllèd analysis of these prDcesses 

was the subject of another study carried in this laboratow,cChoi, 

1980). In the present w.ork, however,' only the net amount of th"e 

heat re.leased at the anode, at the cathode tip and at the nozzle were 
/ 

~ 

rne8sured. Assuming that the convective losses from the plasma column 
\ ,\~ 

to the ambient as well as the sensible energy 10ss to the exit gas . ~ -

were stna1l, the heat radiated could be determined by difference, from 

the totàl, arc power. 

Although calorimetrie data were taken for a~l conditions of 

Set l, an error analysis indicated insufficient accur'acies. 0 On the , 

other band. the safety interlock of the control console imposed 

limitations on the cooling water flow rates and pressures. The 

solution was found by by-passing these safe~:r ;l.nterlocks for a neW' 
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set of exp eriments . The raw data and error ana1ysis are presented 

in Appendix G, and derived résults a.re shown in Table II. 

Reat 'm:'ansfer to Anode 

rlt-was observed that the anode heat fluxes increased with 

increasing current, increasing inlet gas velocity and also increasing 

,electrode separation. The extensive anode heat transfer studies '. 

performed by Pf~nder and co-workers [Eckert ~nd Pfender (1963), l 
Smith and pfender (1976), pfender (1978), Liu and Pfender (1979)', 

Johnson-and Pfender (1979)], clearly indicate the po~itive effect of 

\ the current on the heat flux'at the anode surface. The influence 
/ 

of the gas velocity (a.s the convective contribution ta anode heat 

transfer) was dso demonstrated by Eckert and Pfender (1967) and , 

Wilkinson and MilDer (1960). The effect of the e1ectroqe spacing 

on the anode heat fluX i~ also -very :lnteresting. Although there was 

an increase in the absolute value of the heat transferred to the 

anode with increasing length, when the pereentage of the arc energy 

transferred was considered, a steady decrease (from 44% at 4 cm ta 

38% at 8 cm) was observed. It ia evident: that the increase in the 

radiation 108S was responsible for this decrease in the fraction 

of arc energy transferred to the anode. 

Il 
Arc RadiatiQn 

Il 
As expected, arc radiation increased with the ap{)lied 

, 
current. !h'i,s is in complete agreement with' several previous 
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TABLE II 

CALORIMETRIC RESULTS 
~ 

i. - 4 cm -------

Cathode Tip Nozzle Anode --
v* P % p % P % c .. n a 

mIs kW kW kW 

16.65 0.45 3.5 1.16 9.1 5.67 ,- 44.5 
33.30 0.43 3.2 . 1.19 9.1 5.BS 44.S 
49.95 0.41 3.0 1.28 9.4 6~37 46.8 

- '.t _::_~_~~ 

16.65 ~.67 3.6 1.62 B.7 B.ch 43.3 
33.30, .65 3.4 1. 75 9.3 '8.20 43.S 
49.95 0.55 2.8 1. 79 9.2 8.20 42.6 

v* = 33.30 mIs 
----;:"--~-------

R. P % P % p % c n a 

cm "- kW kW kW 

'6 0.66 2.6 1.90 7.8 10.22 41. 7 
8 0.66 2.3 1.95 6.1' 10.98 3l·B 

~, 

* Itli1f~~-"p::.~ .. ".",.-- ~_,< __ ">,c.,- ,~- .~ - ',' ~ ~ «, ",.4,_,,~ .... ,, __ ~, '., ,,",l, •• ' _> - .... ' ", .~=c .. 

" 

î 
:,~Yv~,.t'1""""'~'" ~~~,:'" ,:: l' 

.. 

l ~50 A ___ w ____ .... 

----~--- . ~ .! 

Arc Power- Radiation 

P P-(P +P +P ) % 
C n a 

kW kW 

12.75 5.47 " 42.9 
13.13 5.63 42.9 ..... 13.62 5.56 40.8 00 

N 

L~_lïQ_~ 

18.55 B.23 44.4 
18.73 )i 8.13 43.1 
19.25 8.71 45.4 

;;-- ~. __ ._-_.- ------ _._~ -~-

!J.=_l~Q_~ 

P P-(P +P +p ) % 
c n a 

kW kW 

. 24.50 Il. 72 " 47.9 ..... 
29.05 15.46 53.2 

" 
,~ ... - .. ~ "'W>~_<_~~ .t-__ "<'''-''IIW--
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'N'or~ers. For example, Schoeck (1963) reported around 59% increase' 

in the arc radiation (for a 'lO-mm arc) for 50% increase in current, 

'N'hile around 50% increase was observed 1n--this work (for 4 cm) for 

. a 40% increase in current. The tolet gas vel:'oci~y, on the other 

band. 'N'as observed to be less effective on the amount of heat lost -by radiation. It should be emphasized that the radiation terms 

shawn in Table II also contain convective contributions. Theo re-

tic~llYI increasing the gas 1n1e~ veloc1ty should have t::'Jo con­

tradictory effects! lower temperatures and thus less radiation, and' 

/ higher convective losses due ta increased velocity. This complica-
.' J 

tion prevent_s genera! conclusions from be1ng drawn regard;l~g the 

\ .-
. radiation balance of transferre~~arcs. The increa~e in length 

caused higher arc radiation since the radiating volume increased. 

Beat Transfer ta Cathode T1p and Nozz1e 

As in the case of the anode, heat transfer to the cathode 

tip increased with current. This 1s obvious1y due ta the increased 

current dansity which 18 the major ,contributor to the neat transfer 
\ 

ta the cathode tip, (Guile, 1971). 'The inerease in th~ heat 

transferted to the nozz1e with incr~sing current was lower than 1n 

the case of the cathode tip. In this case, the heat transfer was 

basically due to radiation and hence the percentage change in the 
1 
1 

hast transfer fo!lowed that of radiation with current. This a1so 

explains 'N'hy the heat transfer ta the nozz1e increased with 10-

creasing electrode separation wbile that to the cathode tip remained 
\ "-
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alma.st constant. lt is evident that the change in the electrode 
\ 

fall potential with the electrode separation wa~ not sufficiently 

significant ta show marked changes in the heat transfer ta the 
1 

, cathode tip. 

There was a smali but persistent decrease in the cathode tip 

heat flux with increasing inlet gas velocity. This change, however, 

vas not close to the expertmenta1~e~or predicted, especia1ly for low 

current cases. It was thus decided to examine this behaviour Wi:thJ'a 

more accurate and direct measur~ment, namely by measuring the cathode 

tip t~~erature with an optical pyrometer. A high-resolution pyro-

meter (pyro Micro-Optical Pyrometer. The Pyrometer Instrument Co. Inc., 

No~thvale, N.J.) ~as used. The interchangeable lenses permitted 

measur~nts ta be made with abject sizes as small as 0.01 cm in 

diameter. 

The optical pyrometer reading may he influenced not only by 

\ 

the emissivity and reflectivity of the tungsten cathode tip, but also 

~e emissivity and transmissivity of the surrounding plasma. lt 

was not possible to make a blackbody ho le on the tungsten tip ta 

check the ~missivity and consequently a single value of 0.43 was used 

for the emissivity of tungsten. An effect'ive wavelength of 6500 A 

was used for brightness temperature correction. Since only the 

relative variations of the cathode tip temperature with the 10let gas 

velocity vere of interest, no correction was made for the emissivity 

and the translDiss1vity of the surrounding plasma. ' It was expected 

, 
\ . , 

, \ 

, . , 

\ ' , 
~ 
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/ 
that due to the relatively low temperatures existing in the fall 

reglon, the effect of the surrounding plasma On the radiation of the 

~ungsten tip would be reaSOnab~y constant in ~he temperature range 

of interest. Figure 29 shows the cathode tip temperatures versus the 

applied c,urrent for two different inlet gas velocities. The cooling 

effect of the gas flow i8 clearly demonstrated in this plot. lt i5 

interest1ng to note that this cooling effect stays constant with 
\ 

varying current. ~t 1s evident that'. depending on the sbeath gas 

velocity. éhere ia an upper limit of 'the al'plied current, for ablation-
,. J,' 

free operation. Although the absolute values of this limit as 

determined fram Figure 29 a~e subject to reservation. it remains true 
1 

that the current-hanclling capability of the cathode can be increased 
Q 

, 
by increasing the gas flow rate alone. 

6 - Photographie Study 

This study was carried out to determine the effect of the 

operating conditions on the luminous plasma profile and to check the 

stability and the horizontal alignmént of the plasma column. The 

former information was u8ed in conjunction with the teçerature and -r 

veloclty data. To fulfil the second objective, the photographs of 

the plasma column taken at different times during an experim~ntal run 
1 

were compared.. The runs that showed any variation were d1scarded. 

S'Olne of the photographs taken at d1fferent op~rat1ng / 

conditions are shown in Figure 30. An example of the luminous plasma 

- 1 1 
ï 
! , ! 
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FIGURE 30 

PHOTOGRAPHS OF THE TRANSFERRED-ARC PLASMA 

L e g end 

4 cm, 250 A. 33.3 mis 
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profiles drawn on the basia of such photographs is given in Figure 

31. 

\~e increase in the ~pplied ~urrent had a positive effect 

on the Plaà~ co1UIJ11l diameter. This can be exp1ained in terms of 

th~ incr~ase in~he current density and consequently in the Joule 

1 

heating. Thus, it ap'pears that for l'ow currents, a certain fraction 
/' 

of the in1et gas does not receiV'e enough energy and f10ws as a 

relativ'e1y cool enve1ope. outside of the visible arc co1umn. As the 

current is increased, this surrounding gas becomes increasing1y 

ionized due ta the additional Joule heating, and contributes to the 
l , 

arc 1uminosity. Schoeck (1963) and Stojanoff (1968) are among the 

several workers who observed siIni1ar behaviou~s. 

The aboV'e observation a1so helps to exp1ain'tbe fact that 

when the arc length'was increa~ed, the column diameter did not 

. change. Renee, a fixed current implies a fixed diameter and as the 

1ength of the column is increased, the co1umn surface area increases 

. proportionally. 

The oost impor~ant information wlth respect to the column 

properties was obtained fram the variation of the calu:oÏn diameter 

vith the inlet gas ...,eioeity. The column luminous profile showeq 

almost negligib1e va~iation with increasing inlet gas velocity from 
1 

16.5 mis (photograph not shown) to 33.3 mis. A decrease in the 

diam.eter was observed fOl: 49.5 mis. 1 1 

Such a be.haviour was also 
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"\ 
r~ported by Sheer et al (1973) fQr a similar cathode design. The:f,r 

1 

exp1anation, wh~ch applies fo~ this wor~ also, was based on the 
. . ~ 

favourable influence of the gas momentum on the column ptop~rties. . . ~ 

o , 

The central1y-directed radial component of momentum exerts a fluid 

mechanica1 constriction on the column for a considerable axial 

di'S~ânce ftom the cathode tip outward which, in turn, c~uses an 

in~rease in colump temperature and vpltage gradient (as shown in 
, , . 

Figure 27). The latter !~aises' the volume l'ate of Joule dissipation' 
-

.. 0 to à degree that more than compensates for .the increased flow rate. 

el 

- " 1 

This effect increaseS with flow until a counter effect sets in 

(probab1y caused by increasing convective tosses as, a resu1t of 

increasing turbulence), such· thit a furt~er increase in the inlet gas 

velocity cools the plasma and causes a decr~ase in the diame ter. In 

thts work, this transition was observed to be at 33.3 mis for 350 A 
\ .... 

~~d .t .... 4 cm, w)1ll'ë'the limit reported by Sheer et al (1973) 

1 correspo~ds to about 30.8 mis for 20? A, and ~ 3,cm ar~;. 

The gas injection via the three injection cbannels increased 

the coltmn diamete~, for all conditions .~Fudied. While this can be 

part1y explained by the abové argument, the 'fact t~t the arc 

voltage decreased and, the voltage gradient remained constant with 
,. 

the injection reguirea additiona1 explanations. pfender ((1979) , -

observed that when a ~o-axia1 shroud flow was used around a d.c. 

plasma jet, a longer and wider jet 'lias obtained. His explanation 
( 

'. that the jet temperature· incr~ased due to tRs decrease in the 

" e '0 re14~ive velocity at the colûmn boundary and consequent1y in the 

.J 1 () 
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-----~-~'~ , 

net heat tr~e~';~lY to the present' work a1so ô <./ 

/ ' 

, e Finally, the luÎn:Lnous profiles obtained for 45 0 nozz1e 
/, 

~'owd no difference except for the region near the cathode tip. where 
/ 

a slightly narrower plasma was obs~rved. 

The accu!acy of the above measurements was estimated 'ta be 

around ±O.15 mm, with reproducibility, as checked by repeated runs 
," 

of the Batne orqer of magnitude: 

J 

,7 .. Plasma' Temperkure4tha1ysis 

Pre1iminary Tests 

. Before the temperature profiles obtained w1th the new 

electro-optical technique are presented, it is appropriate for 

better underst~nding to exp1ain the various tests performed to Elteck 

the valid:f.ty of this technique for measuring 'plasma temperatures. 

Sever al questions arise due to the immersion of a blocking 

element in {Che plasma, and due to the assumptions used in the 

underlying principles. These questions can be categorized as 
1 • 

follows: ' 

1. Effact of the size and of the material of 

the blocking element? 

2. Effect of the direction of the traverse? 
l , 

~. Accuracy of'the mea.urements ~ith respect to 

the usual aide-ou spectroscopie technique? 

. , 

1 
". ~i J:;,',~,~, .. _ .... ~ 

.. 
! 
~ 

.~ , 
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4. Validity of the assumption of having a plasma 
("-

tha~\ i5 optically thin at the wavelengths used? 

\ 
The firet question was investigated by using different 

'. 

sizes and differentlmaterials for' the blocking element. The extent 

of the perturbations caused was determined by comparing the 

intensity profiles obtained 'and 'by observing the fluctuations in the 

sustained voltage during the travërse of the aleUlent, on the 
( , 

oscil1o~ In addition. the ~emperature that the blocking element (...J' "-.... '. 

reached in the' plasma wèis also measured by connecting a tungstenl 

rhenium thermocouple to the element and recording the teU1Perature 

decay curvé afte~ the plasma was turned off. so that the actual 

temperature could be obtained ~y extrap~lation back to the time of 

the traverse. 
( 

For the blocking e~ements with the dimension (in the 

direction of the plasma) of 2 mm or less, no fluctuation in the 

sustd~ed voltage was observed. The intensity profiles obtained for 

copper, tin and steel elements of 1 and 2-mm sizes, showed 1ess than 

1% variation. The ~ temperature the metal strip reached 

during its tr~verse thrdugh thé plasma was determined to be around 

90oe, including the heat effects before and aftel: the traverse. 

Since the aIIIOunt' of pla~ perturbation by the met~l strip depends, 

in one ,sense, on the relative amount of energy ,~bsot:bed br the 

5trip, it can be safely assumed tbat _the plasma wUl experienc,e 

negligible, pérturbation due 'ta hett effects. 

, 

~ ; 
i' 
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The second question involves consideration of the fluid 

mechanics of the system. It was thought t~at t,he natut:e of the 

perturbations with 

wheo the direction 

respect to the s~e~ lines would ba different 

of, t~averse of the blocking element was 

reversed. Various tests with varying current and inlet gas velocity 

were performed to check this effect. A sample of the results 
, r-

obtained is ,sh~ in Figura 32. The excellent match observed in 

this figure was considered as an indication that the reco~ery of the 

plasma from fluid mechanical Herturbations w~s some order of ' 

magnituae faster than the speed of the traverse of the blocking 

element. ' 

J f 

The accuracy of the temperature d~tè'rmination by this 

technique was checked by comparing the, profiles with those obtained 

by the usual side-on spectroscopie technique. In order to obtain 

the lateral spectral intensity distribution of the plasma, the 

aperture system was mounted on a precision traversing mechani~m 

which had an accuracy of ±O.OS mm. After the plasma was started, 

the aperture was manually moved along the side of the plasma, 

stopping for a short time period at the predetermined ~r~t positions. 

The' optical sys~em was simultaneously moySd'in-th;~ame direction. 
----- .-----------

Around 30 st.ops were us~d.-iotâtypica1 run. The values recorded 
--~ , 1 

on the oscilloscope were plotted and were smoothed by a curve. 

Then the Abel Inversion procedure was applied to this lateral 

distribut~on of' the emission coefficients. A computer program using 

20.intervals was utilized to obtàin the radial distribution of 
, 1 
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,FIGURE 32 

COMPARISON OF TEMPERATURE"PROFILES OBTAINED BY 

FORWARD AND BACKWARD MOTION AND BY THE !lABEL" INVERSION 

" 1 

, 1 
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emission cqefficients, for 4806 ! and 6965 Â 1ine8. The coefficients 
1 

given by Barr (1962) (discussed in Àppendix A) were used in the 

program. The temperatures obtained fr,om the emission coefficients 

via Equati~n (1) 01' (2) '(dependlng on the range) were compared with 

, the values obtained by the usweeping blocking element" technique. 

This comparison was performed for dift'erent operatlng 

conditions to see the influence of increased enrrent and increased 

inlet gas velocity. A typical representation of tha 'l'esults 

obtained 18 shown ln Figureo32 from which it waa concluded that the 

determination of arc te~erature by the new technique 18 withln the 
\ , 

usual experimental accuracy requi'l'ed. The relati~e larger'dif-
," 

'-> 

ferences'near the centreline implies that the plasma velocity has an 

affect on 'the accuracy of measurements. However, even for the 

highest sheath gas inlet velocity used ih these tests (41 mIs), the 

two temperatures differed by on1y 6%. 

To check the ,validity of the assumption of having a plasma 
1 

that is optically thin for the wavelengths at which emission co-

efficients were measured, the standard method employed in the 

literature, namely using a reflect1ng concave mirror, was modified 

to suit the pres$nt'electro-optical ~echnique. Instead of a 
\1 

blackened meta! blocking strip, a stainlëss steel piece with a 

perfect finish was swept through the plasma and the recorded values 

of the intensity were compared with that obtained with t,he blackened­

strip. 'For the 4806! Ar II 1ine, a ratio of 1.98 was obtained, 

L 

l' 
1 
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indicating negligible self-absorption. The ratio for 6965 A Ar l 

1 

1ine was 1. 94 implying some m:1.nor sel:f-absorption. b1sen (1962) 

a1so, found a slight selx-absorption for 6965 ! l1ne, however, he 

èlaimed that this Une can be used with an error' of less than six 

per cent. Considering ~he reflection losses at the mirror. his 

argument was accepted for the measurements of temperature at 6965'1 

line: 

1 

" 

Experimental Design and Results 

On the basis of the first phase of the experimental work 

(which involved electrical, calorimetrie a~d photographie measure­

ments) , a new set of experimental. conditions were selected for the 

tempe rature and impact pressure measurements as shown in Table III. 
\ 

To observe the effect of the inlet gas velocity, the plasma 

was operated with a 4-em electrode separation and at an .applied 

current of 250 A. The ln1et gas veloeity was doubled from 20.5 mIs 

to 41 mIs under these conditions. In addition. the effect of the 

ZI 

injection gas was investigated by operating the plasma under the above 

operating conditions, but with no injection gas and with the optimum 
1 

flow rate of the injection gas. The effect of the current was 

studied by. operating at 350 A for 20.5 mIs, again without and with 

. -----'-
injection gas. The· last condition was repeat~r 6 and S2.cm 

èlectrode separation, wifhout any injection gas. rina11y, the 45 0 

l 

nozzle wes installed and the plasma was operated at 350 A and 20.5 
1 

mIs vith a 4-cm electrode separation. Study of the effect of the 

\. . 
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TABLE nI 
EXPERIMENTAL CONDITIONS FOR TEMFERATURE AND VELOCITY MEASUREMENTS 

601:1 Nozzle ---~--- --- --- -- - 60" Nozzle 

Position -. Position 
from Anode l v* ~ , Run t from Anode l 

cm A mis Llm cm cm A 
, 

1 250 20.5 0 A-25 6 -1 350 
2 A-26 2 
3 A-i7 3 

3.5 A-28 ' , ·4 
-- A-29 5 L 

\ 25.0 " A-30 5.5 2 ''\, 

3 A-3I B 1 350 

3.~ ( 

A-32 2 

250 41.0 0 
A-33 3 
A-34 4 

_u 'A-35 5 

3.5 A-36 6 
A~37 7 

1 20.0 A-3B 7.5 
2 
:5 45° Nozzle 

3.5 B-l- 4 1 350 
1 350 20.5 0 B-2 2 
2 - B-3 3 
3 B-4 3.5 

3.5 
B-5 , 1 

1 31.0 B-6 2 
2 B-7 3 
3 B-8 3.5 

3.5 

~"~~,.~~,,,,,,,';';-.. ~",";';";<i;._~"";,d,_'''''''''~',~~'''~-''';:',,--~",,,.:..:.~,, • .-"..~-~~' -~.",~-"",,?~~~,- -', -,. ' 

, ;~.)~ .. 

.. 

v* ~ 
m/s L/m 

20.5 0 

20.5 0 ..... 
\Q 
-.1 

20.5 0 

31.0 

-~ -~" -........ ~ ... , ... .,. ..... ~--~-""~ ..... ~~~~ .... -- ~----
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injection gas was also incorpo~ated'in this last phase. 

The plasma temperature and velocity profiles were obtained 

at different vertical locations with 1 cm separation, except for th~ . 

uppermost position which was 0.5 cm away from the cathode tip. No 

measurements were attempted for locations closer than l cm from the-

anode since it is weIL estaplished that LTE does no~ hold ciose to 

the electrodes (Eddy et al, 1973). This experimental design 
, 

resulted in 46 temperature and velocity profiles. 

1 Before the results of the temperature measurements are 

presented, it must be mentioned that ~he rasults were obtained as 
1 

full profiles, i.e.; from one édge of the plasma. column to the 

other. When these profiles were analyzed for symmetry it 'was 

observed that except for ~he edges of the plasma where the accuracy 

was low, ,the deviat'ions between the t'wo halves were negligible. 
1 

The average v~lues were used for the edges. The speed pf the linear 

motor was kept around 100 cm/sec and showed a 1ittle variation from 

one r~ ta the other due to lubrièation conditions. 

The results obtained will be presented as isothe~l con-
f 

'tours since they illustrate the thermal condition of the plasma more 
1 

clbarly. Figures 33 to 38 show the isothermal contours of the 

colUmn for the experimental conditions shown in Table III. The 

axial centreline t~mperature distributions fOr the$e conditions are 

plotted in Figure 39. Finally, to demonstrate the eftect of the 

operating'parameters on temperature distribution, sample profiles 
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FIGURE 33 

ISOTBERMAL CONTOURS or THE 

PLASMA FOR 2 a 4 cm, l • 250 A 

v* • 20.5 mIs and q • 0 L/m and q • 25.0 L/m 
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FIGURE 34 

ISOTHEllMAL CONTOURS OF THE 

ft~ FOR. R. - 4cm. l - 250 A 

v* • 41 mis and 9 • 0 L/m and 9 • 20.0 L/m 
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---- ISOTHERMAL CONTOURS OF'''nîE , 
'1 

PLASMA FOR R. 4 l • 350 A 1 • cm l ~ • .~ v*' • 20.5 inls and q • o t/m and q • 31.0 t/m '\ '. 
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ISOTHERMAL CONTOURS OF THE 
PLASMA FOR R, ... (6 cm. l lOI 350 A 

v* • 20.5 mIs and q ,.. 0 L/m 
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FIGURE '37 
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ISOTHERMAL CONTOURS OF THE 

PLASMA FOR R, ,.. 8 cm, l ,. 350 A 

v* .. 20.5 mIs and 9 '" 0 L/m ' 
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FIGURE 38 

ISOTBDMAL CONTOURS OF tHE 
PLASMA FOR t = 4 cm, l • 350 A 

20.5 mIs a'bd 9 "" 0 t/m and 9 = 31.0 L/m' 

(45 0 Nozzle) 

,~ 

\ 

<li 

, 1 

! 

,) 

1 
~ 

1 
i 
.:{ 

l 
1 
J 
l 
l 
.\ 
; 



'-

\ 
J 

AXIAL DISTANCE FROM CATHODE, cm 
o 

/ 

, 
1 , ' , 

::c , 
1> • 

~§ 
• 0 1 > - ai • ! c 01 :;; 1 ~ en 8 0 • .. 0 • CIO 

0 C , ::0 

3 1 ~ " 

3 
1 III 

'il • , 

1 

L ",1 
i-

l 
-~' 

f ... 
" 
1\ 
( 

t 
t 
f ~' 

t 
t 

t l 
l 

~! 
'\ 
s 
l 
" 

~) 1 
;; 

-~-----------,. 

r; 

(, 

4 . 
~'" ..-- - ~ -



, , , 



__ ~"'~"""'S'i'''---''Hl''''~'''~'''''''!r\.''It'''~"" ....... ~ ... ''')- ... ,~ - ... ~ '+' .. ~~..,. ~ 

i~ -' .. 

""'-

20,000 

~ 19,000 ... 
w a:: 18,000 :::l 

!ci a:: 17,000 LU a.. 
..... ~ , 

:\ w 16,000 t-
e:[ 

~ 15,000 
en 
<:( 
...J 14,000 a.... 

..... 
13,000 

12,000 
0 

-~ 

""-

. __ ...........--~" _,~._.......",.-" ~,,".- ",~,,,,,,,,,~,~,,,,-;_""'l_,!( Œ1!Y\.~4il ... lt~18 $#"4.!Ii\lltl iIl .... '''.·. 

;c, 

• SHEER .f ~I : 200 A, IG.a ml. 
• SHEER .t al : 200 A, 31.6 ml. 
a STOJANOFf : -1 GO A, 23.3 ml. 
o STOJANOFF : 200 At 23.3 ml. 

PRESENT WORIS 

'Q 0"0 
A . ~ 380 A, 20.8 ml. 

280 A, .. , mIt 
2GO A, 20.G ml. 

~ ........... 

,-0.."_ "- o-"-"_'~a-.. .. _ "--0 ~----o . '. 
23466 

AXlAL QISTANCE < FROM CATHODE t cm 
7 

----------

• 

,.-' 

t 

8 
/' 

~ 

• "' ..... ~ ............. ü_> ,.'"~,J:.~ ~ ...... ~~ .. ,~~_'-Ir...,,,4 ... ~ .. ,",,,,,·--~"'~·""~"'---........oc-~~ $."et:t.oi__ "ia .... ltOl' la. rh t., .... 



" 
" 
" 

(\ 

\ 

" / 

206 

(obtained 3 cm away from anode) are plotted in Figure 40. 

Examination of these curves shows that the axial tem- >-

peratures increase near the cathode as the tn1et gas velocity 
\ 

increases. Thi~ effect is consider~d to be due to the compressit 

of the column exerted by the radial component ~f the fluid moment 
\' \ 

,as it entera the column. Both the 'current density (Le., column 

diameter) and voltage gradient are increased with increase,~ v*, ' 

! resulting in an increased rate of heat transfer to the incoming 

fluide lt ia interesting to note the ràther fIat portion of the 

axial temperature distribution for 0.5 < z < 1.0 cm. lt 

probably represents the section of the contraction zone where mast 

of the gas is entering the column. The two previous investigators 

~o used sfmilar cathode designs (Sheer et al, 1973, and Stojanoff, 

1968) also diaplayed similar distributions near the cat~ode, 'as 

shawn on Figure 39. 

1 The influence of the gas injection on the radial temperature 
\ 

distribution ia also very interesting. Gas injection does not "affect 

the température distributions nea'r the cathode signf.ficantly, ~xcept 

for the high current case where slightly reduced temperatures were 
i' 

recorded., On the other hand. this additi0na+ flow bas some effects 

downstream. 1 ~ile the _ 9,000 K isothermals move away from the axis 

(i ~ e., the luminous column p~ile 1ncreased), there ia a cooling 
1 

effect in the fnterior of the plasma. However, in all cases, a 
1 

core region ia present which maintained'its temperature. This probably 
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FIGURE 40 

RADIAL DISTRIBUTION OF TEMPERATURE 

IN PLASMA COLUMN 

(At 3 cm away from Anode for 4 cm total length) 
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-__ zeflects the fact that while the inj ection gas causes a slight 

expansion of the plasma. in general it cools the plasma. The axial 
\ Q. ' 

'tem'perature distribution does not vary with the gas injection. 

i 

The plasma temperature increàses as 'the applied eurrent 
, 1 

in'creases. As can be seen fram the axial temperature distribution, 

the magnitude of this: increase does not change along the arc lengtll. 

This effect had already been predicted by the calorimetrie and , . . 

. photographie studfes. Although the voltage gradient decreases witn 

increasing current, the ilicrease in the eurrent density_ more' than 

compensates this decrease. lt 18 interesting ta calculate the 

average power density in the column. given by~ the product of the 

,current density ~d tl;1e voltage gradient, From Figure 27, -the 
\ 0 

average voltase gradient of 6.3 and 5.7- volts per c1l1 19 obta!ned for '" 

250 and 350 A columns. respectively. The average column di_eter 
\ \,-;)f 

was ca1culated to be 0.7 and 0.8 OB, corresponding to'O.442 and 

0.503 cm2 for the cross-sectional area, for the 250 and 350 A cat;1es, 

respectively. Thus, the ratio of the power densities for the 350 

and 250 A colUJÙnS averaged 1. Il, ahowing 11% increas8 in' the energy 

fgr the high current case. ( 

The compar1son of the aXial. temperature distributions for 

,the 4, 6 and 8 cm columns shows that identical temperatures are 
- \ 

obtained for the initial p~rt!on of the column inëluded in these 

cases. The fact duit the decay in axial temper~ture decreases 
1_-
\ 

eonddaralhy beyond à distance of 3 cm away fram the catnode for tbe 

, , 

....u-____ ......-- - ___ _ ------ -_. -----" \ 
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\ ' 
" J 

6 and 8-cm arc lengths suggest that the phenomenon wnich is 

responsibl~ for the 10ss of energy'in the initi,! part of the plasma 
1 

ceaaes to be important là.fter 3 cm. Considering that radiative heat 
cp,! 

10sses c?nsti~ute ~ larg~ percentage of the overall heat losses 

from the plasma column, the low 1:emperatures encountered aroùnd z ::1 
~ , \ ~ '~t. . , 

3 cm reaults in lower radiative heat losses and thus slower decay. 
. , 

This' caus~~ef!ect relationship sets ~ for the l'est' of the plasm,a 

,column. The results of Chei (1980), who meas..ureâ arc radiation as 
--.;, 

a Ifunction ~f arc 1ength for a transferred:arc plasma under simila,I,", , 
conditions, also indicate a sharp change in the percentage of the arc 

. " 
energy lost b'y radiation beyond a 3-cm electrade separation.' To 

com?lete this discussion, it must be stated that other factors such 

as '~e decrealJing effect of the cathode jet ,are also probably 

responsible for the sudden drop in the axial temperature upstream of , \ 

3 cm., 
1 

This decreasing effect of the cathode jet on the plasma energy 
, 

vith axial distance from the cathode has been repçrted by several 

workers, although general!y for shorter ar"cs. Thtl worka of Schoeck 

(1963) 'and lteed (1960) are respresentative of !Juch in~estigations. 

: 'Finally. the effect of the varying nozzle angle can be 

'1 ' 

observed by comp8risoni, of Figure~ 35 and 3Q ~~d from Figure 40. The 

,position' of ,t'he 9000 K isotherms 'doea not change be'tween 'the two 

conditions, in a8reem~nt with the p~otographic observations. Righer 

temperatu~es '~sUlt for 45° nozzle nea~ the cathode. The ma~itude 

of th~~ d:1fference decreases do~st~ea~ fram the ~ath~de. The effect 

, 1 
of the nozzle geometry on the energy content of j the plasma in the 
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c 

-n'eighbourhood of tije cathode can be attributed te the change in the 

elJ~;.srede fall potentia+s. 

1 _ Based upon the uncertainties in the transition probabilities 
l ' 

of the lines used (±5io) and in the correction factors used for the 

continuum endssien coefficients (±10%) , fluctuations of the photo- < 

diode signals (±3%) , possible errors in the dalibration' of the 

optical system using the tungsten strip lamp as a reference (±2%), 

and errers arising fram the approximations associated with the 

convolution integers method used in differentiation in the comput'er 

program (±2%), the maximum unc~rtainty in the temperature obtained is 
1 

estimated to\ be ±8%. At 10,000 K this amounts to a range of ±8DO K. 

It should be mentioned that the \ above temperatu~e dis-

tributions are based on the assumption of local thermal equilibrium 
o 

(LTE) in t.he plasma. This assumption has been experimentally testeq 

and found ful1~ justified for transferred arc plasmas generated under /' 

similar condit;ons and with similar cathode design as used in this 

work. (Stojanoff, 1968; Sheer et al, ,1973). ~usz 'and Fink.e1nburg 

1 (1954) obtaine4 the following criterion for thermal equilibrium by 

J, 

comparing the energy gained by the electrons fram the imposed 

electric field between collisions with the heavy pa.rtlcles f with 
o ' 

, , 
that lost to the heaVy' atoms and ions during the collisions: ' 

- T )/r • M(e>" E)~1I4m(3kT/2)~] (Te « l 
gel 

where !el ~ a~e the temperatures'of. the electrons and heavy 

(il) 

\ 

, \ 

t 
L 
1 

i 

. 
" , 
1 

". 

1 
; , 
~ 
'1 

'-

, 
,J(, 

" 

\, 



r' .' 

211 

particles" respectively, ! is the applied electric field strength, 

~ and ~'are the masses of the atoms and electro~s, respectively, and 

~ ;s the electron mean ~-patQ length. 

Using the value of À calculated by Olsen (1962), the 
~ 

measured" telllperatures and derived E, (T - T ) /T was calculated to be - e g 

(at the centre of the arc) 0.006 neal' the 'cathode and 0.01 nea! the 
, 

anode', for 250 A and 20.5 mis (conditions A-4 and A-l, respectively). 

In the light of this tes,t 1 it can be cIlaimed that "the assumption of 
1"', 

LTE throughout the measurement range of this work is very good: \ 
\ 

l'-

A more restrictive condition for LTE pertains ta the 

gradients in temperature a1Qng the radi;;tl coordinate in the arc. 

!he perturbation of equilibrium may be considered smal~;rf the 
.,' 

temperature difference in one mean-fre;e path is smal1' compared wlth l 

the temperature itseH (Oben, 1962): 

À grad TI! « 1 
e 

(12) 

. * 
The maximum temperature gradient measured in the arc i8 around lOS 0I<. 

lem. Since À 1a of the order'.~f 10- 10 cm with temperatures greater 
,-8 , 

than 10" OK, "the condition in the above equation is well satisfied, 

except possibly in the regions close ta the electrodes, which is / • 
outside the scope of this thesis. 

For completeness, it must be added, that ~oth the axial and 

: radial distributions of temperatute were found ''to deviate con­

s'~derably ·from the ones predicted by the cassic jet:' Î:heory. 
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8 - Velodty Study 

Methed 'of Data Resolu'tien 

1 

The experimental conditions given in Table III were also 

employed for the velo city study. The values of the impac~ pressures 

obtained from the continuous impact pressure profile"together with 

theOmeas~~d temperatures at the sarne radial positions permitted 

calculation of the plasma valociuies at thase points using Equation 

(10) .. The calculation was performed by a minicomputer. Since the 
1 

_'yviscosity and density in Equation (10) must be evaluated at the 

referenee temperature, the probe wall temperature was esttmAted to 

be 400oK. The insensitiv~ty of the reference temperature to ,the 
D , 

wall temperature justifies this choice. This particular wall, ' , 

temperature was chossn based on thermocouple measurements of the 
• 

temperature' of th~ probe after it completed a traverse. From the 

constant wall temperature and the given free stream temperature, the 

computer program internally calculated the reference_temperature 

and evaluated the viscosity and density at this temperature. A 

regression fit to Ahtye's (1965) enthalpy, viscosity and ,com­

pressibility factor was included in the program. The output from 
, 

the velocity calculatio~ included the actual velocity, thb reference 

temperature, the Reynolds number for flow around the probe and the 

maSs flow density. The computations were made at 18 equally-spaoed, 

positions slang the diametrical pressure p~ofile. , 

j 
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Results 

Velocities measuredlby the sweeping pitot tube method are 

shown in Figures 41 to 46 in the forro of constant velocity contours. 

This form of presentation was choaen as being consistent with that 

of the temperature results 'as well as providing better flaw 

visualization. Figure 47 shows the axial distribution of the 
( 

cen~reline velocity and in Figure 48, a sample of the radial 

velocity distributions is given, for the position 3 cm away from 

the anode, to aasist in the discussions. Finally, Figure 49 
\ 

co~tains a set of typical mass flow density distribution,curves, 

for the cases A-l through A-4. The Hmi ting data points on the 

velocity profiles are,d?termined by the,limiting points on the 
~,f 

temperature profiles which, in turn, are established by the luminous 

di~eters of the column. Beyond these pos~tions, impact pressures 

could be measured, but temperatures could oot. 

It can be seen that as in the case of temperatures, the 
f 

velocity profiles are symmetric. The decay of the centreline 

veloc~ty with the axial distance from the cathode is observed to 

be faster than that of centreline tempera~ure. The primary reason 

of course is the superposition of the i~crease' in density (~e to 

cooling of the column) and the usual decay observed in isothermal 

jets. Cleaves and Boelter (19~7) also noted a similar behaviour 
1 

for their ,heated and unheated jets. Similarly, the radial dis-

tributions of veloCity and momentum are found to decay faster than 
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F!GURE 41 ( 

1 

CONSTANT VELOe!TY CONTOURS 

OF THE PLASMA COLUMN FOR 

• 4 cm, l • 250 A. v* d 20.5 mis 

and 9 • 0 L/m and 9,· 25 L/~ 
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, 
FIGURE 42 

CONSTANT VELOCITY CONTOURS 

OF THE PLASMA. COtUMN FOR 

t • 4 oœ, l • 250 A. v* • 41 mIs 

and q - 0 t/m and q .. 20 t/m 
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FIGURE 43 

CONSTANT VELOCITY CONTOURS 

, OF TUE PLASMA COLUMN FOR 

t • 4 cm, l • 350 A, v* • 20.5 mis 

and q • 0 L/m and q • 31 L/m 
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FIGURE 44 

CONSTANT VELOCITY CONTOURS 

OF Tm; PLASMA COLUMN FOR 

t • 6 cm, 1· 350 A, v* • 20.5 mIs and q • 0 Llm 
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FIGURE 4S 

CONSTANT VBLOCtTY CONTOURS 

OF mE PLASMA COLUKH FOB. 
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FIGURE 46 

, CONSTANT VELOCITY CONTOURS 

OF THE PLASMA COLUMN FOR 

1- 4cmt l - 350 At v* .. 20.5 mis 

and 9 - 0 L/m and q - 31 L/m 

(45 0 Nozzle) 
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FIGtnU! 47 

AXIAL CENTRELlNE VELOCITY 

DISTRI»UTION IN PLASMA COLUMN 
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fIGURE 48 

RADIAL DISTRIBUTION OF VELOCITY 

IN PL!SMA'COLUMN 

(A:t 3 cm away from Anode 
for 4 cm tptal length)" 
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\ !,IGtmE 49 
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RADIAL D!STRIBUTION OF MASS FLOW DENSITY 

FOR PLASMA COLUMN 

0, "" 4 cm, l '" 250 A, v* "" 20.5 mis) 
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that of tempera~u e', This behaviour, however, i9 contrary to the 

behaviour observe in d.c. plasma jets as reported by Grey and 
1 

Jacobs (1964), Kubanek and Gauvin (1968) and Katta ~d Gauvin (1973). 

It should be noted that the pla~ col~ studied in this work was 

a conducting column which ls expected te exhibit different behaviour 

than" the d.c. plasma jets studied in these previou9 references. 

when compared vith,the limited data available far transferred arc 
, , 

plasmas (Reed, 1960; Stojanoff, 1968; Sheer et al, 1973), identica~ 

tendenties were observed. 

Ex~nation of these figures ind~ate that both the iniet 
, 

gas velocity and the applied durre~t hava â positive effect on the 

centrelin~ velocities. However, when the radial distributiqns are 

compared (Figure 4~), it can be sean that towards t~e edges of the 

calumn, the effect the applied current ceases ta be significant. 

Since Reyno~umbe sare quite 1aw near the e~(arOUnd one 

compared ta around 90 at the axis);" the viscosity cor'r,ecti,ons a;e 

much'V more important; O'lever, because the viscosity does not vary 
\ 

sign ficantly vith te erature ~e1ow 10,000 K, it i9 normal that 
1 

the a plied current (~icn influences the temperature distribution 
1 

near t e edges) do nOf influence velocity profiles in these regions, 

l '" , . 
As in the c sa of:' the temperatùre profiles. the gas 

1 c 

inject on 19 effecti e ba~ically for high current-:-low inlet gas. 

veloci y conditions 

geomet'r 

" .\ 

1 

Aga!n. lt barely affects the inber·core flow. 
/' t \ J , 

~ .0 ' .. 

doee,! not sea to be a factor 'in the magnitude 
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of the injection gas effect on the flow field. 

. When the axial distributions of the 'centreline velocities 

for different electrode spacings are compared (see Figure 47). very 

close values are obtained over their respective lengths. This ia 

of course to be expected sin&e the temperatures and the luminous 

diameters do not show any deviation. 

While the nozzle angle does not,influence the axial dis­

tribution, it does have an effect on the radi1al velocity distribution 
i 

in the form of a slower decay for 45° nozzle. This i8 pred~ctable 

from the èemperature profiles and ls co~sider~d ~o.be an,important 
~ J 

feature in favour of the selection of a 45° n~zzle for indus trial 

applications. 
\ 

1 

1 

Since the column 18 cooling ~d incr18Sing 1n dens1ty as 

the anode'ie approached, the,product of dens1~y and ,velocity , or 
,fi ' . 

momentum, is of lnterest. Figpre 49 shows a typical plot of the 

mass flow density (li) ver'sus 'radial distance. When the distributions 

of impact pressure were examined, tt was observed that there existed 

a relatively cold gas flow outside the luminous boundaFies of the 

column. The mass flow density distribution calculated for this , ' 
"­

flow ia a1so shawn in Figure 49, as dashed~1ines. The temperature 

data used outside the luminous coluœn,were obtained by .éxtr~poiation 

t;om the temperature distributions inside the column and are there-

. fore subject to considerable error. The curves were, extended into 

1 
this outer regton to show qualitatively. the changes in flow pattern 

\ 
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1 
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,. 
st various axial positions. "The &IIlounc of gas that flows outsUe i 
the column seems to decrease downstream. This undoubtedly indicates 

entrainment of the 9urrounding flow. lt is interesting to note that 

although the presence of this flow can be deduced from their results, 
, , ~', . 

neithar of the two investigators who worked with an annular nozzle 

orifice around a 'cathode (Stojanoff, ~968, Sheer et al, 1973) 

realized this occurrence. The theories of classical jet entrainment ... 

are found wholly __ inadequate to account for this change 0 of entrainment 

with axial dtstance. 

Radial velocity data of the type shown in Figure 48 are 

sometimes treated by plotting the velocity divided by the velocity 

at the centrel1ne to see if a Gaussian distribution is followed. 

For the, data presented here. no such indication was obtained becaufe 

of the varying degrees ofodependency of velocity on temperature, 

for different positions 'in the plasma. However. it wast clearly seen 

that the classical je~ theories on velocity distribution (both 

axial and radial) do not apply ~nSferred-arc plasmas. 

Uncertalnties in the velo city data arise frem uncertainties 
-..,.-- '1 

beth in The measured impact pressures and in the temperatures cal­

culated ftem the- measured emission coefficients. It will be 

recalled that the maxilllum uncertainty in plasma temperature was 

estimated to be ±8%. Uncertainties in the me~sured impact pressures. 

occur because of possible errora in the' calibration of the pressure 

transduc.er system, small fluctuations in the imps.ct pressure itsel~, 

, 
.. 

,,-, 

\ 
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and the error introduced by the Ume lag and. the motion of the probe. 
• 1 

The maximum' error in the calibraÙo~ of the p~essure ttansducer unit 

wi th th,e alcoh~'l manomèter' i8 ±O'.98 'Pa (0.00,014 psi). Fluctuations 

in the impact pressure occur because of the changes in the inp4t 
'" 

power and the random mov~ments of the arc about its'point of ~ttach-
1 

ment. From repeated measurements, these variations were est1mated 

to be ±5%. Since the probe moves through the plasma, there i9 a. 1 

dynamic error in the measured impact pressure due to the time 1ag 

1 \ ' in the response of the transducer unit and te the small vibrations 
1 

of the pitot tube. It wil1~be recalled that the response time was 

1 

.! 

1 

tr' 

. 
î 
j 

(_ ~-, -·--~'c--
Îneasured to be around 6.002 second. 

-~- -----~ --~--r_ 

The dyriamic ,error 0 including 1 

the time las and the .vibrations 1s found to be ±0.7% of the maximum 

pressure on the profile. The cumulative effect of these uncertain-

ties i9 most sign1ficant near thefedges of the column and least 
't 

significant near the centrelin~. Thus, for the experimental 
4 

c~nditions reported, the maximÙm uncertainty in,the calculated 1 

velocity ranges from"±7.0% in the vicinity of the centreline to 

±20. 0% ne4r~ the edges. 

\ ~ 

9 - Maas and Energy BalanCeS,! 

,;,----t" \ 
1 . 

By using the experimentally-measu~ed va~s of the tem-
/ 

perature and ,velocity, mase and energy balances could be ma4e for 

the plasma. \flows. The 1I18SB flow rate 11 and the energy flow rate .!! 

are calculated from: 

\ 1 

a 

1 
'1 

~ 
! 
'! 

,1 
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() 

" \ 

. " , 

and 

, ; 

'

211' R 
M .. J ~(r) 'r dr de 

o 0 
"\ 

.211'R. 
a.! [ ~(r) 'h(r) r dr de 

o 0 

~ere m is the mass flow density and !i ia the specifie enthalpy. 
----.) 

A m:1.ni-computer was usea to perf orm the calculations. 

(13) 

(14) 

Ahtye' s J1965) dat'a fch compressi~ility and enthalpy were !itted 

numeriuci:il1y:i"-·and. the requ~red integrations across the plasma column , 

were performad by using Simpson~s ~ule. The integrations were first 

performe~ on1y o~t to the luminous profile of ~las~ column.. The 

integration was then carried out to the fringes of the impact 

~ pressure profiles, using the extrapo1ated temperature values. The 

results of the mass and energy ba~ances are shawn in Table IV for 

the profiles, obtained 1.0-0 cm away fr,om the anode and 0.5. cm away from 

the cathode. The values in the brackets represent the results , . 

-obtained by ~xtrapolation. The profile deSign~S correspond to 

the conditions given in TapIe III. 

It can be seen that, away from the cathode, the mass flow 
\ 

rate inside the column increases while the energy rate decraases. 

This is in agreement with the cool~g of th,a column aince li 1s 

inversely proportionsl with'temperature while li is dir~ctly pro­

portional. The increased applied current has a p~~itive eff~~t on 

the amount of gas entering inta the plasma, as predicted by the MHD 

equations describing the "Maecker Effe~t." 

The mass input rates were determi~d irom tHe rotameter 
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TABLE IV 
t _ 

RESULTS OF MASS AND ENERGY BALANCES 

Profile Overall Mass Overall Energy Profile Overal1 Mass Overa11 Energy 
Designation now Rate (g/s) , Flow Rate (kW) Designation Flow Rate (gis) Flow Rate (kW) 

A- 1 0,. :51 (0.51) 5.80 (5.80) 1 A-21 0.69 (1.10) 7.99 (8.25) 
· .' A- 4 0.36 (0.43) 6.00 (6.10) A-24 0.43 (1.05) 9.05 (9.80) 

Input Rate ' 0.50 6.30 Input Rate 1.35 7.98 

A- 5 0.52 (0.88) 6.07 (6.10) A-25 0 .. 50 (0.50) 7.29 (7.29) 
(7~00) 

/ 

(0.48) A- 8 0.37 (l.00) 6.19 A-3D 0.38 11'.16 (13.05) 
Inpu.t_Rate 1.19· 6.30 Input Rate 0.50 11.97 N 

N 
co 

À- 9 0.67 (0.90) 7.83 (8.20) 1.-31 0.52 (0.52) 5.59 (5.59) 
A-12 . 0.39 (0.89) 9.00 (9.62) A-3B 0.37 (0.42) 10.42 - (10. 1l5) 
Input Rate 1.00 ,.... 8.00 Irtput Rate 0.50 15.96 

-;- A-13 0.70' (1. 20) 7.55 (8.80) B- I 0.52 (0.52) 1.80 (7.80) 
A-t6 0.40 (1. 30) 9.05 (lO.O) B- 4 0.30 (0.45) 8.32 (8.55) 

v 
7.98 Input ~te 1.53 8.00 . Input Rate 0.5 ! 

A-17 0.50 (0.50) 7.29 (7.29) . B- 5 0.69 (1.00) 8.33 (8.55) 
A-20 0.-38 (0.48) 8.11 (8.,30)' B- 8 0.33 (1. 22) 8.50 (8.72) 
Input Rate 0'.50 7.98 Input Rate 1.35 '. 7.98 

· · 
~ 

p 

.. 
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readings. The energy inpu~rates were calculated from the voltage 

gradients rather than the nat elactric power, input rate to the plasma 

since electrode lasses were considered not to contribute to the 

averall energy flow rate. Considering the uncertainty in the ex t'ra-

polated temperature data, the agreement between the measured rates 
. 

and the calculated values was faund satisfactory, with an average, 

error of ±15% for the 1Il8SS flow and ±20% for the energy flow: 

. CONCLUSION 

The basic characteristics of a transferred arc plasmPl and 
,. 

their variation vith the operating parameters were studied experi-

mentally. Argon was used as the plasma-fonning gas. The plasma was 

operated between power lavels of 8.4 and 38.5 kW. 

A oathode assembly suitable for inj ection of fine particles 

'and/or reactiv,e gases into the column vas designed. The experiments 
l, i 

were carried out in open air. as, it vas discovered that no ambient 

air was admitted by entralnment in the cathode arc-root regio~ as 
. 

lqng as sufficient argon was supplied via the particle injection 

channels. in addition to the plasmagen argon flowing through, the 
J' 

inner channal surrounding the cathode tip. The current was varied 

betw$en 150 and 350 amperes and the arc length between 4 and 8 cm. 

lt vas observed that the inlet velocity of the plasmagen gas past 

the cathode tip (calculated as the cold gas flow rate divided by the 
1 

. ' 
free annular nozzle area) was an important paraÎneter and should be 

l , 

".. 

l' 

j 
'1 
; 
1 

, j 
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i 

used ;!.nstead of the ,volumetrtc gas flow rate aione, if' the t'eaults 

a.re to be generalized. 

pre~imi,I18.ry txperiments which were ca.rried out to esta\lis~ . 

the voltage cnaracteristics under the major operating condition' . 

showed that voltage depended -strôhily on the electrode separation and 
~ . 

much,less on the curren~ and on the inlet gas velocity. It was 
, 

observed that higher voltages were sustained for 45 0 nozzle eompared 

to 60 0 nozzle. Additional argon feed fr~m the injection ehannels 

decreased the sustained voltage by replaeing the entrained ambient 

air in the plasma column. 

The voltage gradient of the plasma column was ealculated 

from the gradient of the linear p~rtion of the voltagJlllversus 

electrode spacing graphs. The experimental measurements of the 

potential1variation along the length of the column by means of 
1 

pro~es eonfirmed the above approximations. 

\ , 1 
Calorimetrie measurements were carried out to <le,termine 

the fractions of the power supplied: (a) loàt to the cathode tip 
. , t 

and npzzlé eooling; (b) dissipated to the cold surrounding by 

radi~tion fram the plasma; (c) released at the anode. The fraction 

of the power lost to the cathode and the nozzle was invariably 

small and almost constant with current and electrode separation. 

As the current was increased, substantial increase was observed in 

the amount of the powe~ released at the anode. The electrode sep-
1 

aration also had a positive effect in this respect. Depending on 

j 

l 
1 . 
~ .! 
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the e1ectrode separation. the ,power radiated by th~ arc could be 
ft 

varted between 41% and 53%, independent1y of the current. The inlet 

gas velocity was found to 'decrease the cathode tip temperature by 

convective co~1ing. ? 
, \ 

~ 
The temperature measurements were effected With a novel 

electro-optidtl system capable of me&suring the. temperaturé profile 

of plasmas aboy~ 8000 0 K with an accuracy'of ±8%. The technique was 
1 ~ , 

based on measuring the variations in the intensity of the plasma 
1 il 

(as viewed through~an apertur~) while a blocking element moves 

through the plasma. An interface-mini-computer assemb1y W&S used 

to process the signals recorded on the oscillos~ope to yi~ld the 

plasma temperature profiles. The results indicate higher centreline 
1 

, 
temper.rtures near the cathode. Increasirig the current and the inlet, 

gas velocity both increase the temperature of the plasma. Comparison 

of the axial temperature distributions obtained for différent 
t. \ 

e!ectrode separations showed that ide~~ica1 temperatur@s were 

~-

(. 
) 

obtained for the, in{fial portiO,n of, the plasma included in a11 of 

them. Bigher temperatures were obtained for a 45° angle nozz1e as 

compared to a 60° angle nozzle. The validlty of the LTE in the 

plasma was checked theoret~its existe~ce w~s confirmed. 

The maximum temperlture measured in the work was 18,500 K for a 250 A 
, 

arc vith 4-cm electr~de sepa~ation and 41 mis inlet gas velocity. 

,1 

.,_ A miniature, uncooled pitot tube connected ta a high 
~~"r () 

rtesppnse-time differentia1 pressure transducer was swept through the 
____ ~"'.I' 
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},. 
plasma to determine the plasma gas velocity distribution. 

i 
lIt was 

found that a sweep velocity of 2'0 cm/ s was adequate for goo~, 

~ 

resolution while avoiding ablation. Because of the low Reynolds 1 

numbers·of the flow enéountered under most of the plasma operating 

conditions, a correction for viscosity effects had to b~ included 

into the Bernoulli equation. The ve~pcity profiles showed a strong 

decay in the radial direction. The velocities tended to increase 

vith increasing current and inlet gas velocities. Additional gas 

1/'" feeding via the injection ohannels was found ta -he effective for 

high-current, lov inlet gas velocity conditions. The nozzle with 

45° in~lusion angle was found ta caus~ a slover radial decay. When 

mass flov densities vere calculated, existence of a relatively cold 

1 

f10w outside the boundaries of luminous column vas discovered. It 

vas ob'served that this flow vas decreasing downsts.ream whioh vas 

taken as an indication of entraimnent-. ,The maximum axial velocity 

measured vith 190 mis near the cathode .vith an accuracy of ±7%.' 

Maas and energy balances computed, at v,rious axial distances 
1 

, . 
for various operating conditions agreed with the input rates and 

thus confirmed the accuracy of the temperature and velocity measure-

ments. 
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NOMENCLATURE 

lriside radhHi of the pit~t tube 

Annular nozzle area. 

Voltage gradient 

Specifie enthalpy 

Energy flow rate 

Applied current 
, \ 

Electrode separation 

Mass flow density 

Mass flow rate 

\ 'Iressure i d t 1 it 
,\ ncrease n pressure ue 0 v seos y 

Injection gas flow rate 

Sheath gas volumetrie flow rate 

Radial posit n 

Ratio of the tota emission coefficients for 

4806 ! and 6965 l, r~ectivelY 

Gas constant 

Tetn?erature / 

Gas velo city 
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CONTRIBU'rIONS TO KNOWLEDGE 

1. A cathode assembly suitable for transferring an are to a, 

eooled anode or to a molten metal bath and fgr the injection, of fine 

') \. 
particles and/or reactive gases' has been designed. 

2. The electrical. calorimetrie and photographie charaet~r-

isties of th~ p'lasma were detemined. lt was found that the inlet 
"~ l "" 

gas velocity of the plasmagen gas past the cathode tip was an 

important operating parameter and should be used instead of the 

volumetrie gas flow rate alone. if the results are te be generalized. 

o 

3. The variation of the voltage gradient in the plasma eolumn 

with the applied current and gas inlet velocity was determined. It 

was fo~d that the gradient of the 11near portion of the voltage­

arc length graphs ean be used to calculate the voltage gradient 
.~ 1 

. ' 

with reasonable accuracy. 

4. An eleetro-çptical system capable of measuring the 

t~erature profile of plasmas above 8,000 K with an accuracy of 

±8% vas developed. '!he priinary advantages lof this technique over 
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the conventiopal spectroscopie methods, are its simplicity and lack 

of depencency on source symmetry. 
', .... 

5. The basic plasma characteristics, namely, the temperature 

and velocity, were measured under different operating 
\ ' 

current, ~lectrode separation and inlet gas vel6ç1ty. 
\ 

\ 
) 

6. Conditions under which a secondary g~~n be 

condi tians of 

introduc~d 
, j J-

into the plasma have been siGdied.~ Lower sheath g:~ inlet 

velocities ~nd higher' currents encourage the ent~ainment of this 

secondary gas into the primary heat dissipation zone. 
1 

" 1 

. 
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RECOMMENDATIONS FOR FtJTYRE WORK. 

The use of transferred arc plasmas in which the a~ode 

consists of a bath of the molten pro~uct has only received 

attention recently for the ~etal1urgical processing of fine1y-

divided materia1s. The present work1constitutes the first 

published investigation on the diagnostics of a transfer,red-arc 
, , 

plasma in which the operating paramete~s have been chosen 

specifically for their direct applicability to industr,ial 
.) 

processes. In the light of the availability of simple diagnostic 

techniques capable of determi.ning plasma characteristics in a. 

short time and with good accuracy, as developed in this work, it 

i"8 recommended that future reslearch should concentrate on the 

following subjects: 

1. Determination of the optimum conditions for, th~ 

entraiament of the secQndary gas (injection gas)'into the plasma. 
1 

Th~se optimum conditions would probably be in the low main gas 
1 
r 

inlet velocity and high current range. The effect of the nozzle 

geometry ls expected r to be important in the light of the data 
\ 

obtained in tnis work. If the plasmagen gas and the second~ry gas 

are chosen to be different, tneir respective temperaturès can be 1 

241 
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. d~termined from their line intensities. If the concentration 
, J 

profiles can also be obtained (say by sampling through the anode 

centre hole) mass and energy transfer phenomena can be understood 

Deter.m1nation of the plasma characteristics while 
1 

2. 

operating in a closed chamber. This should be compared with the 

present results to see the effect of the operation in confined 
r , 

conditions. It should be added that the techniques developed in 

this work can easily be applied ta a closed system with sorne small 
1 1 . 

" modi~ications. '1 

3. Study of the motion of particles .entrained in the 
1 

transferred arc plasma. lt is expected th~t the size distribution 

of the part1cles will be an important factor in determining the 

efficienc1 of entrainment. Too large particles will nct be 
l , Il 

feasible for industrial appl~cations due ta short residence times 

encountered. On the other hand, very small particles will be 

subjected to thermophoretic effects which will inhibit their , 

penetration intà the plasma column. 

1 

. 4. Investigation of the behaviour of the trans'ferred arc 
1 

plasmas with gases 'otherl tha~ argon and with m?lten mataI baths US~d: 
1 

as the anode. Diagnostic techniques should he developed to be used 1 , 
i 

iI1- t~e neighborhQod of the anode. 
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A-l 

ABEL'INV~SION'TE~HNIQUE 

~e Abel inversion is used whenever data obt ined in 

integral form along a chord segment through.an\axissymet ie 

medium must be resolved into the true radial distribution. The 
" 

inversion in the case of plasma radiation is expre~sed anal tically 

by: 

R 1 

~(y.z) - -l/~ f (dI!dx) dx!(x2_r2)1/2 
'r 

1 As noted in· the Literature Review 'section, sinC'e 1. 1s obtaine las 

numerical data, it is more convenient to use a numerical techn que 

to perform the inversion. In this thesis, the method describe by 

Barr (1962) is used when the results obtained by the "sweeping 

blocking element technique" were to be compared with the side- n 

spectroscopie measurements. 

Since l i$ a set of numerical data, it i5 advantageou 
, 

to reverse' the order of differentiation and integration in Equ tion" 

(A-l) if, the functions are wellcbehaved. This!would smooth th 

data before differentiation and reduce amplification of noise 
, 1 

the data. Thus, if the Iunctions are weil behaved. Equation 

can be written as: 

t(r,z) • -l!2~r • dF(r,z)!dr 

where 

(A-Z) 

(A"3) 
1 
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The .2 axis and bence !. 1s divided iuto li equal intervals 

Â. sa that: 

and 

where 

r = k 6. 
1 k 

6. .. R/N 

(A-4) 

and .!!. and !. are integers b'etween and includirlg 0 and N. In each 

interval l (x,z) -is :approximated by: 
\ 

(A-7) 

/~~' 

r 
The coefficients determined ~y requiring t at: 

I(x ,z) .. l (n,z) 
n 

and r(Xn+l'z) .. ! (n+l,z)' \ 

(A-a) 

1 (A-9) 

where I(n,z) and I(n+l,z) are the measured numerical value~, at x -n 

and xn+l' respectively. 

For: 

Equation (A-3) can then'be written as 

N 
F(k,z) .. 6. E ak,n I(n,z) 

n-k 

(A-10) 

(A-11) 

where'~ are positive, slowly variing functions 'of 1 and ~ only. 

, The F(k. z) are relatively insens~ti';e te small ~ndom érrors in the 

I(n:,z). In order te perfe'rm. the differentiation ~ Equat;!on (A-2), ----- ~' 
\ 
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A-3 

a polynomial is Htted to each sect\l.on of the F(k. z) versus !. c~~e. 

This process also smooths the ..data. Thus, the F(k,z) are represented 

by: 

Equa i?n (A-2~ then ~ake9 the form: 

e(k,z) .--I/J2rr~ak) 
\ 

(A .... 12) 

dF.(k,z)/dk (A-13) 

1 
A le t squa es technique is used ta detarmine the coefficients. As 

\ 
\ 

a re olt, a n w set of coefficients ~ i~ obtained such that: 

N 
l: akn I(n,z) 

n:zok-2 \ (~-14) "e(k,z) .. l/rr~ 

for k > 2, and 

e: (k. z) .. l/rr~ (A-15) 

for k < 2. - . 

The complete sequence ~f steps - integration. least squares 
1 

~\it, and final. 

~n evaluated 
\ 

differentiation - is included ta the ~, which have 

and tabulated by Barr for N up to 20. 

Il 

Ta' check the accuracy of tqe inversion, a simple analyti~al , 
distribut1on, for e(r,z) was assumed and an analytic relationship for 

, ' 

I~x,z) determined. 'D1screte values of I(n,z) were then calculated 
'\ 

~ used 't? evaluate the e:~k,z) }?ro.file by means of the numerical 

\~thOd •. The numerical values of ~) are compared with those 

~~Ulated ~rom the analytic (unction e:(r,z) in Tal>r1e A-I for a 

1 
,1 

1 
l 

1 , 
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• 

20-zone inversion. The assumed analytic distribution was: 

.. 
(A-16) 

. 
for which the analytic chord distribution 1s 

(A-17) 

It can be seen that, the agreement between ana1ytical and numerical 

values are satisfactory., at all radial positions except the last. 
\ 

" , 

TABLE A-I 

ACCURACY TEST FOR ABEL INVERSION TECHNIQUE 

e:(r. z) 

Analytical 

~ 
·'1018.592 

998.012 

909.631 . 
727.420 

318.055 

0.000 

20 Zone 

1020.155 

997.988 

907.898 

'725.310 

283.128 

144.762 
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B-l 

SPECIFICATIONS OF THE CATHODE ASSEMBLY COMPONENTS 

In actua! indus trial ~pplications. especially when a molten-

type of anode is ta be used, it would be easier to move the cathode 

assembly rather than the anode. Since a ciosed reactor would be 

employed in such case~, the cathode assembly should have a length 

greater than the arc length expected to be 8chieved. This would a!so 

imply that the outer surface of the assembly has to be cooled to 

avoid over heating due to convective and radiative heat,transfer. 

\ 

, - \ 
The plasma-forming gas and the particles to be processed 

would have a greater chance of penetrafton into the primary energy 

dissipation zone if they are directed towards the cathode attachment 

of the-arc, since an inwardly-directed pressure gradient e~ists here 

(Maecker, 1955). This is most ea9i1y achieved by employing an, 

annular orifice surrounding the cathoae ti~ and by providing inlet 

- 1 
channels for the particles around the noz~le. 

In the light of the above considerations, a cathode 

assembly suitable for operation in the transferred-arc mode and 
, 

for injection of fine particles or of a secondary gas, other than 

the main plasma forming gas, has been designed,. The assembly, 

shawn in Figure B-l, corlsisted of 'four major parts: the lower 
, \ 

d;Lstributor plate (nozzle), the upper dilitributor-- plate, the end 

caps and the cathode tip cooling and support piece. While the 

distributor places direct the water and the primary and secondary 

< 
i 

\' 0 



, >\ 
, b\ 

, 
B-2 

cr 

FIGURE B-l 

DETAILED DRAWING OF tHE 

CATHODE ASSEMBLY 
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gas fe.,eds. \ the en,d caps close the assembly at the top and nèlp 

support the long feed tubes. The ~athode-cooling system was 

designed to give maximwn cooliug in t;he form of an impinging water 
\ 

jet. The pressur~~drop ca1cu~~t~ons dictated the size of tube 

diameters tO be used. Table B-I gives the materials of construction 

as w~l as the important dimensions of thë parts of the cathode 
c~ 

assembly shown in Figure,B-
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TABLE 8-1 

MATERIALS OF CONSTRUCTION OF THE CATHODE ASSEMBLY 

Par t :Ir 

'1 , 

1. Cathode support 

2. Electrical connector 

3'P Sealing plate nut 

4. Sealing plat~ 

5. End cap • 

6. End cap support ring 

7. Outer shell 

8. ,Inner shell 

9. Powder ~eeding,tube (3) 

110• ( ) Water inlet tube 2 

11. Spacer (2 - not shown) 

11." Cathode cooling tube 

k 

13. Cathode assemb1y support 
nipple (not shawn) 
F 

14. Cathode- assemb1y support 
ring (not shown) 

15. Support ring centering 
screws (not shown) 

16. Upper distributor plate 

17. Cathode 

18. 

19. 

20. 

Lmter distlPibutor plate 
1 

Cathode t:Lp 

Inner sbell '0' rings (2) 
No. 033-

21. Outer distributor plate '0' 
ring (1) No. 031 

22. Inner distributor plate 
'a' ring (1) No. 024 .-

Material -- - - -
Copper tube (1.71 cm o.d.,. 

1.07 cm Ld.\) 

Copper stll'ip 

Brass 

Phenolic board 

Phenolic board 

316 s tainless steel 

316 stainless steel (2-!11 sch. 40) 

Copper tube (2" type K) 

Copper 

Stainless steel 

Teflon 
J 

Stainless steel 

Teflon 

Aluminum 

Brass 

Brass 

Rras_s 

Tungsten 

" i 
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TABLE B-I 

, . 
MATERIALS OF CONSTRUCTION OF THE CATHODE ASSEMBLY' 

- Continued -

23. Lowar outer shell 10' ring O.) No. J.43 

'24. Distributor plate retaining screws (3) , 

25. Cathode holder '0' ring Cl) No. 013 

26. End cap retainip.g screws (6) 

27. Lift -system connection to support ring 
1 

(6) (not shown) 

28. Wrench ta tighten the lower distributor plate (not shown) 

, 29. W'ater outlet connection to outer shell (not shown) 
1 

30. Upper outer shell '0' ring (1) No. 337 

31. Sealing plate nut '0' ring (1) No. 116 
, 

32. Feed tube sealing '0' ring (6) No. 010 
r 

t 

* Numbers refer to Figure B-l 

Not e --1-- J 

,1 
; 

All 'Q' rings - neopren~ (National '0' rings) 

\r-
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TOTAL EMISSION COEFFICIENT CALCULATIONS 

'. The line emission coefficient for a spectrai line is given 

by; 

&11 - hcl (41fÀ) • g A • (N lu ) exp (-E /kT) ne nnm' aa n 
(C-l) 

Table C-I below gives the characteristic constants for the lines 
1 

4806.90 X'and 6965.43 1. The values presented were ta~en from 

Adcock and Plumtree (1964) who summarized the various determinations 

of argon transition probabilities. The values of Olsen (195'9) are 

• 1 

considered to b~ the mOst consistently rellable and ,are th~ ones 

listed in Table C-I. 

Using th,eae constants and the tabulated values of !'!a and 

U as a function of temperature at one atmosphere given by Olsen 
-a 

(1959), the temperature variation of E
line 

was~calculated for 4806 

A and 6965 ! lines. 

For the continuum emission coefficients the fo~lowing 

equation was used: 

r,; (v,T )g.JU (l-exp(-hv/kT »] 
z e z z e 

(C-2) 

The tabulated values of n cited above were used together 
1 -e 

witq the correction fac\ors obtained from 

Schna~auff (1968) to'caiCulate the variatio 
l //-,,/ 

\ the continuum emi'sS1on coefficients at 

r (1965) and 

temperaturf of 

6965 A (for 20 A 

( 

\~ 
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TABLE C-I 

SPECTRAL LINE CONSTANTS , 

Line A ~\ A En nm nm 
! Sm 10!! sec- 1 10!! sec- 1 ev 

4806.90 6 786 4716 19.22 

'l 6965.43 3 53.1 159.3 13.33 
~ 

\, 

... 

bandwid th) • 

The 1ine emission coefficients and continuum emission 

coefficients were used ta calcula te the dependency of the total 
l , 

emission coefficients which 1s shawn in Figure C~l. 
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FIGURE C-l 

TOTAL EMISSION COEFFICIENT OF ARGON 

FOR 4806 ! AND 6965 ! LINES AS 

A FONCTION OF TEMPERATURE 
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EXPLANAUON AND LISTING OF THE COMPUTER. 

PROGRAM FOR TEMPERATURE DATA ANALYSIS 

General 

A computer program written in ASSEMBLER and BASIC was used 

to process the data by a Commodore PET minicomputer. The object 

of the program was: 

a. Transier data as stored in memory on a GOULD model 

084000 oscilloscope to read/write memory locations 

6912 ta 7935 in the PET minicomputer. 

b. Reproduce graphically the transferred data. 

, 1 

c. Differentiate and smooth the data by using the 

Convolution Integers Method (described at the end 

of this Appendix section). 

e. Ca1cu1ate the temperature at each data point 
, "\ 

ustng the regres~ion equation previous1y described. 

f. Plot and tabulate the temperature profiles. 

Only tbe part of the program ~hich 'd~ 
transfer will be described below and1the listing of t e computer 

program will be given afterwards. 

Transfer of Data 

An ASSEMBLER routine 18 responsible for the tra fer of 
'" ,-., 

data from the oscil1osco~e to the m1nicomputer. Th~ program 19 

j 



1 

\\ 
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loaded and executed via the BASIC program "GOULD-TEMP." 

Line Dumber 1 of the program requests if new data are to 

be transferred from the oscilloscope or if data previously trans; 

ferreq. are ta be manipulated. If new data are" to be transferred, 

then line 100 of If,GOULD-t'EMP. n loads the assembler language 

instructions glvèn as data in lines 10 to 40 into the seéond 

cassette buffer (locations 826, ta 885 of the PET' 8 memory). Line 

120 then transfers control ta the assembler program at memory . 

address 826. 

The assembler pro gram transfers data into memory addresses 

6912 to 7935 (BASIC text random access memory). A datum 18 trans-

ferred when PET senses a low state on the ;rEEE - EOI line of ,the 

"parallel user port'If (the high-low state 1s ach1eved through ~ 

pulse shaping interface between the oscilloscol?e and the user 

port). A high state resets the assembler routine'for transfer 

of the next datum. 

Data transfer alternates between channels one and two of 

the oscilloscope. The BASIC program decodes the data aiter 

transfer to separate two channels. 

LISTING OF uGOULD-TEMP. Il 

l DIM A(72), W(lO). D(66), T(36): "? "CLEAR" INPUT "NEW' 

DATA Y IN"; Al$: INPUT" EXP. NO"; E$ 

2 INPut ''LIHITS OF CALe. AS CM ON OSc"; u., UL 



o 
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3 INPUT "DECREASE (-1) OR INCREASE (+1)"; S:INPUT "PLOT OF THE 

DERIVATIVES Y/N"; A3$ 

7 INPUT "ose SPEED, MS/CM & LIN. MOTDR SPEED, CM/~EC"; ,0, L1 

8 INPUT "RANGE TO PLOT FOR,,~. "; &1, RH:PRINT" PRESS OSC 

BUTTON" 

9 IF Al$ <> "y" GO TO 140 

10 DATA 162. 27, 160. 0, ]6. 104. 3, 234, 234, 234, 234, 

20 DATA 234, 234, 205, 80, 232, 16, 3, 76, 71, 3. 173, ·79. 232,( 

141, 0, 27 

30 DATA 200, 140, 83. 3, 192, O. 240, 3, ,76, 104, 3, 232, 142, 

84, 3, 224", 31, 240, 13 

40 DATA,169. 200. 205. 80, 232, 48, 3, 76, 106, 3, 76, ?9, 3. 96 

100 FOR l .. 826 te '885 : READ N : POlŒ I, N : NEXT l 

120 SYS (826) 
/ 

140 -( LL ,. LL * 51 : UL - UL x 51 A .. 6912 G$ "" "p1etting graphies": 

DX :a INT CUL - LL) /. 36) 

170 Xli .. 'LL t DX * 36 IF x H > w.. TUEN DX :a DX - l GO TD 170 

180 XL - IN! (DX/2) 

190 ? ",~EAR"; XL + LL; "(XL _"; XL;"): TAB (16); "DX-"; DX; 

"m fi"; E$-"; TAB (34);' XlI 

195 FOR 1'"' l TO 36: r K'· 0: p .. «1 - 1) * DX + INT, (LL/2) *2) *2 

200 PRINT "HOME"; TAS (1);: N "0: V -0; FOR J -~ TO DX *2 -.2 STEP 

2: V .. V + l 
o 

210 N" N + PEEl{ (A + P + J + K) NEXT J 

220 A ( l + K * 36) .. N/V : N • N/ll/V: R - N -' !NT (N) " 

240 FOR J .. 1 TO N : ? "dom"; : NEX! J 

c 
.> 

'1 

\ 
\ 

\
: 
'j 

1 

j . 
1 
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1 
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250 ? MID $ (G$, R*a + 1. 1) 1<. ::r -1 * (I<. ... 0) IFK:a l 

G()TD 200 

260 NEXT l : C$ .. TIME $ 

265 . CET Hf: IF H$ <>:" "GO TD 280 

270 IF (-VAL (C$) + VAL (TIME $» <30 GOTO 265 . 
280 IF Al$ .. ''Y'' GO' TD 310 

290 FOR l ~ 1 TO 60 : \ REAn X : NEXT l 

310 ll(lt-O: 'FOR ! ,. 1 TO 5 : REAn W (1) NEXT l REAn F 
, . \ 

(D(l) ,. 0 : D(34) ,. 0 

320 ? "CLEAR"; ''DIFFERENTIATION IN PROGRESS"; n_"; Kl + 1 FOR l 

s l TD 32 : P .. 0 

330 FOR J .. 0 TO 4: LJ .. l + J + Kl *36: P = P + W (J + 1) '* 
\ 

A(LJ) : NEXT J : B ... l + lU * 33 + 1 :', Bl :0 B - 1 

340 D(R) :II -5 * PIF: IF P * S > 0 tREN OCR) ,. D(Rl) 

350 NEXT l : 10. ... -(U ... 0) : IF Kl ,.. 1 GO TO 320 

360 IF A3 $ ,. "N" GO TO 460 

370 ? "CLEAR"; XL + LLi TAB (16); "DX :II"; DX; "m.II"; E$; 

TAB (34); KR; FOR l .. 1 TO 32 : K '" 0 1 

380 ? "HOME"; TAB (1 + 2) : N ,. (255 - INT(D(I + l + K * 33) *25) , 

~ 122: IF N < 0 '!lIEN N • 0 

390 FOR J .. 1 TD n - 12 .j, CK ,. 0) : ? "DOWN"; NEXT J 

400 ? MID $ MID $ (G$, R * 8 + l, 1) : "DOWN" : K .. -1 '#1 (~ .. 0) 

: IF K .. 1 GO TO 380 

410 NEXT l : R$ .. TIME $ 

'420 GET Q$ : IF Q$ <> ,,,. GO TO 460 

430 IF (VAL (TIME $) - VAL (R$») ~o GO TO 420 

'i 

l 
1 

t 

, 
~ • ,) 
! 

~ 
~ 

l 
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460 ? "CLEAR":" TEKP. cALe. IN PROGRESS" 
. 

(' 

470 FOR l - l Ta 32 : IF D (I + 1) * D(1'+ 33):.0<0 GO TO 490 

" 1 
475 R ca D(I + 33) / (1.5345 * D(1 +1» ':; IF R < "" ,0.322 GO TO 485 

480 T(I) .. 10 (4.22836 + 0.08902 *LOG (R) / LOG (10» : GO tO 490 

485 T(r) "" 10 (4.30055 + 0.24978 * LOG (R) /, LOG (10» 

490 NEXT l 
, 

500 NT· INT «RH - RL) *51 *32 / (UL - LL» IF !NT 02/NT) 

< III l GO T0549 

510 t, ? "CLEAR": RL; TAB (J:6); "DX .. II; DX; "EXP If"; E$: TAB(34); 

RH:Q-O 

\ 
515 .~ .. INT (0 * L~ * (RH - RL) /32) FOR l '"' 1 TO 32: ? "HOME'~; 

TAB (1 + 1) 

516 IF (1 - 1) / INT (32/NT) .. INT «I - 1) t INT (32/NT» GO Ta 

525 

520 NI "" T (1 + !NT '{(RL * 51 - LL) *32 / (UL' -" LL» + Q) / 100 

IF NI .< 0 !BEN NI '" N 

52J. IF NI < 220 THEN Nl .. 220 

·522 N" (Nl + N) /2 : GO TC 530 1 

525 N "" TCl + lNT (RL *51 - LL) *32/ (UL - LL» + Q) flOO 
1 

Q"'. Q + 1 : N .. -(N '> 0) * N : IF N '> 220 THEN/N - 220 

530 M· (220 - N) /6.5 Rl' 'M - !NT (Ml : IF i( 22 TIIElI M - 22 

535 FOR, J - 1 l'Of M ~ 1 ? "DO~"; : NEXT J / 

540 . '[ MlD$ (G$, ~Rl * 8 + 1. 1) : NEXT l ,/ 1 

542 ? "HOHE"; : FOR. K • 0 TO 22 STEP 2 : ? ~OWN";' {220 - K 'Ir, 65): 
1 

NEXT K 

543 '1 "HOME"; : FOR l • 1 to 24 ? "DOW": : NEXT l 
il 

\ 

-1 

, 
J -
j 
~ 
j 
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" 544 FOR J ,. 0 Ta 32 STEP 8 ? TAB' (J + l + (J > 0» J il Z / 100; 

t 545 GE!, Q$ : IF Q$.". "" GO TO 545 

546 GO TD 565 

549 Z ~ IN! (0 ~ LI w (XE - (XH + LL» / 32 / 51) . 
,550 1 "CLEAP."; XL + LL; TAB (16); "DX-" ; DX ; "EXPfP'; E$; TAB 

(34); Xli : FOR l -1 TO 32 
\ 

552 ',1 "HOME"j"TAB (I + 1) : N'" (220 - T(I)/100)/6.5 Rl. N-

!NT (N) : IF N - > 22 TBEN N ... 22 
, \ 1 

',553 FOR J'. l' TO N + l : ? "DOWN"; : NEXT J 
1 

555, ? MID $ <G$, R w 8 + 1, 1):; "up" : NEXT l 

556 ,? "HOME"; : FOR K ". 0 TO 22 STEP 2 : ? "DOWN"; (220 -K * 6.5): 
\ 

NEXT K 

557 1 "ROME"; : FOR l :II 1 TO 34 : ? "DOWN" .' • 

558' FOR J ,. 0 TO 32 STEP 8 : ? TAB (J + 1 +, (J > 0» ; J .. Z/100 

(

560 

565 
, . 

NEXT l () f\ 
GET Q$ : IF Q$ ,. "" GO TC 56~~ , ' 

? "CLEAR" TAB (15); "EXP.II" '; E$ ; "RL- " ; 'Rt3 "RH-"; RH; 
f 

566 ? !NT (RI. W 51 - LL) * 32 / '(ut - 11» : :? TAB (2) ; "R, MM 

580 TO 32 : R ,. Z x L / 100 IF L,:> 21 GO TO 600 

590 ' AB (2) ; R ; TAB (6) ; ~T ('.Il(~» : GO 'TO 650 / 

600 

(16); R; TAB (20); !NT (T (L) 

650 NEXT t 

660 GET J$ IF J$ • "" GO TO 660 

() 

! ' 

"DOWN" ; : NEXT N : ? TAB 

,,1 

.. 



CI _ t I~ 

.. , 

1)-7 (~~~t'" 
(. ! . 
') 

Ji 

... ~,;.--:""'~ l' , 1 

'670 '7 "CLEAR" : INPUT ,:~ RANGE FOR PLOTTING(TEMPERATURE"; RL, 
~A' 

RH : GO, ~~-5(fo 

700 DA~A/ - 2, -,l, O. l, 2, 10 

~. ;} 
:f' Convolution Integers Method 

/' 
The Convolution Integers Metho,d is a generalized form of 

- the Moving Ave~age Method in which the average of a certain set of 

J data points 18 assigned to the centre abscissa. Then, the set 

1 
-lDOves, one data point in one direction and the procedure 16 repeated. 

Ii the Moving -Average Method, the same we1ght is given to all the 

data points. however, 1n the Convolution Integers Method, the 
(l 

weight; given to each point 1s different ~ This technique resembles 
/' 

the lesst square fit procedure, applied to the central point ooly. 

If the evaluation of the function only at the centre point of a 

set of equally spaced observations is considered, then there exists , -
sets of convoluting integers for the first derivative as well. A 

complete set of bables for derivatives up to the fifth order, for 

polynomials up to the fifth degree, uSing. from 5 to 25 points. has 

been given by Savitzky'and Go1ay (1964). In the present work, the 

integers for first derivative for a quaCira.tic fit and for a set of 

five points was used. 
~ 

References 

Savitzky, A. and Golay. M.J .E., "Smoothing· and Differentiation of 
Data. by SiJnplified L~ast Squares Procedure~," Analytical Chemistry, 
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E-l 

. 
'~ TOTAL ARC VOLTAGE DATA 1. 

TABLE E-1 

VOLTAGE RECORDINGS FOR SET l 

\ ,~ ~ Annular Area 0.'0085-(0.0 )'-0.055 cm . 

.,.. .:J Li l /V IQ l !/., V 
A v L/m AI cm v 

14 J 150 4 58-( q4) - 68 14 350 4 59.5-,< 65)- 66 
17 150 4 62-( 68) -,72 17 350 4 60-( 66) - 67 
20 150 4 66-( 72) - 76 20 350 4 60.5- ( 67)- 68 
14 . 150 6 80- ( 84)\ - 85 14 350 6 72-( 81)- 86 
17 ' 150 6 ' 82-( 88) - 88 17 350 6 76-( 83)- 88 
20 150 6 88-( 92) - 94 20 350 6 78- (84 .5)\- 90 
14 150 8 95- (100) -101 14 350 8 88-( 94)- 98 
17 150 8 98-(104) - 96* 

1 

17 350 8 90-( 98)-100 
20 150 8 103- (107) -100* 20 350, 8 93-( 100)-102 
.14 150 10 110-( 92) - 59* 14 350 10 100-( 115) ? 
17 150 10 1l0-(9.4) 62* 17 350 10 ,103-( ? ) ? 
20 150 10 ?-( 96) - 64* 20 350 10, 107-( ? ) ? 

14 250 4 59-( 62) - 68 
17 250 4 60-( 63) - 70 
20 250 4 61- ( 64) - 71.5 
14 250 6 74-( 80) - 82 
17 250, 6 76-( 82) .. 84 
20 250 6 78-( 84) - 86 
14 250 8 87- ( 92) - 98 
17 250 8 90- ( 96) -100 ~ 

20 250 8 94- ( 98) -102, 
//.,,~ 24 250 10 102- (100) *-110* 

11 '250 la 105- (102) *-114* -- , , ....--. 
~~-------

20 250 10 110-(105)*-116* --- -~ ~~ 
, 

~------
, 

-----------~ .------------~ 

'" v~lue taken for a shorter arc 1ength 

" \ 
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1 

1 1 E-2. 
1 
1 

Ir 1 
1 

2- - ' J TABLE E-II 
! 

f, 
POTENTI.AL DISTRIBUTION vs ARC LENGTH DATA ~ 

r \ 

l ç ~ Z V z V V , 
Condition cm v Condition cm v Condition cm v " , 

> 

'" 
l 0.4 17 5 0.4 18 8 0.4 22 

0.5 22, 0.5 23 0.5 24 
1.0 26.5 1.0 28 La 29 
2.0 33.5 2.0 36.5 2.0 36 

5 
3.0 41 3.0 43.5 3.0 44 
3.5 45 3.5 47.5 4.0 50 
4.0 60 4.0 59.5 5.0 51 

l 
6.0 64 { 

"'-' 7.0 71 ~ 7.5 1 74 t) 

8.0 84 ~ 
~ ;.; , 

'. c 
~\! , R, 

2 0.4 16 6 0.4 , 17 9 0.4 27 <~ 
~ 

" 0.5 20 0.5 21 0.5 30 ,< 
" ,~~ 
~ 1.0 24 1.0 24 1.0 35 '''; 

2.0 31.5 2.d 42 
" 

nt 2.0 33 
" 

3.0 38 ·3.0 39 3.0 50 r'~ 
'! , 

L-- 3.5 42 3.5 42.51 3.5 53 {~, y, , 
) ,i 

V 4.0 58 4.0 58.5 4.0 63 ." 
.J} 

l' 'l ~ 

~. v ,1\ 
'~ 

~ 
'"\ 3 0.4 19 7 0.4 22 10 0.4 25 " [ ,j 

~ 0.5 23 0.5 25 0.5 27 1 " l~ 

~ 
1 

'[ 1.0 

29 1.0 28 -La 30 • 2.0 36.5 2.0 35 , 2. a 40 T~ 
~, 

3.0 44 ).0 42.5 3.0 47.5 ,pT 

J 

1-:'>, 

3.5 48 4.0 '50 3.5 52 .~J 

~ 4.0 65 5.0 58 4.0 61 
5.5 62.5 

7 6.0 76 

i 
t~ 

"-," 1 4 0.4 18 
0.5 22 
1.0 27.51 
2.0 35 
3.0 42.5 . , 
3.5 46 

; 4.0 63 f ' 0 .f 
... 

~~ ~ , 

" 
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PROPERTIES OF ARGON 

In Figures F-l, F-2 and F-3, the Electrical Conductivity 

(stat mho/Cm)" the compressibility and dimensionless entlialpy of 

~ ... ' 

argon as a function of temperature are ~iven. Tre values are that 

given by Ahtye (1965). 
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F-2 

FIGURE F-l 

ELECTRIC CONDUCTIVITY OF ARGON 

versus 

TEMPERATURE 
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FIGURE F-2 

COMPRESSIBILITY OF ARGON 

versus 

tEMPERATURE 
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FIGURE F-3 

i. 

DIMENSIONLESS SPECIFIC ENTHALPY OF ARGON 

versus 

TEMPERATURE 
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Run 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 
1~ 
16 

r' 

"'" 

TABLE. G-I 

RAW CALORIMETRIC DATA 

Electrode Separation: 4'cm 

Cathode Tip _ Nozzle 

" 

~. 

App1ied Current: '250 A 

Anode 

• 
p 

Water Flow Water Flow Water Flow 
N*., ' Water AT Rate _ Water AT Rate _ Water IlT . Rate _ 
mIs , o_~ ____ &Jill ~.lO 3 Oc _'hLU! lLlQ 3 o~ __ ~_g/m x 10 3 

16.65 5.0 1.30 9.1 1.79 5.2 15.89 
16.65 5.5 1.18 8.6 1.95 15.0 5.28 ' 

2.59 9.0 1.95 4.7 18.13 
1.29 \ 5.0 1.29 8.5 2.04 10.0 8.52 , . 

49.95 5.0 1.18 9.5 1.95 1.5 12.27 
49.95 5.0 1.18 9.1 2.04 17.5 5.28 

~ 

Electrode Separation: 4pn App1ied Current: 350 A 

16.65 3.8 2.59 14.0 1.68 9.5 12.27 
16.65 6.0 1.62 14.8 " 1.59 9.5 12.27 

33.30 {} 3.6 2.59 14.3 1.77 6:5 18.29 
33.30 7.5 1.25 13.0 1.95 22.5 o 5.28 

1.25 14.7 
_ 1.25 13.3 

1.77 9.7 12.27 
1. 95 - ~ 13.9 8.52 

49.95 6.4 
49.95 6.3 

Inlet Gas Ve1ocity: 33.30 mIs Applied Current: 350 A 

L,cm (} v 

6- 7.7 1.25 14.8 1.86 12.1 12.27 
6 8.0 1....J.8 15.3 1.77 17.4 8.52 

" 8 8.0 1.18 16.8 1.68 13.0 12.27 
8 7.9 1.18 17.3 1.63 12.9 12.27 
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G-2 

'''-, 
Error Arialyais 

The amount of heat released at a component of the transferred-

arc aasembly was calculated from the equation: 

P l1li m C AT 
w pw 'f (G-l) 

Th.e err~r in such la measurement can be expressed by: 

dP .. C AT dm + m C dAT' + 
pW'W w wpw W 

~ AT'âC 
w w pw 

1 
(G-2) 

where dÜl refers to the error in the measurement of the water flow --w 

rate and so forth. Typical values of the variables and the estimate 

, of the maximum errer in the measurements are given below. 

Cathode. Tip 

Nozz!e 

,.' 

âT • 6.3 Oc , dll.T .. 0.25 Oc w w 

de .. 0.001 cal/gOC 
pw 

dâT - same as abàve 
IW 

, 
lIIw l1li 1.95 ;x: 103 g/m , ~ • same as' above 
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G-3 

v 

~'= 8.52 X 10 3 g/m 
. 
~ "" 20 g/m 

\ 

~r~ these values, the following results'were obtained: .. 

Cathode Tip 

p. 0.54 kW; dP:ra 0.025 kw; 7. Error:ll 4.78% 

Nozzle 

c 
p • 1.,1'9 kW; dP ,. 0·9468 kW; % Error ... 2.~2% 

~ ~' 
p • 8.17 kW; dP :II 0.165 kW; '~Error .. 2,.0'2% 

In aIL cases. the mà.j or source of error was due to errors 
\ 

in the measurement of temperature. 

Nomencla ture 

Symbol 

m 

3 
p 

Suhscri.pts 

w 

Meaning 

heat capacity 

mass flow rate 

'temperature difference 

power 

water 

, , , 

sim 

'K 

calls ot kW 
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