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A NOVEL TRANSFERRED-ARC REACTOR 

by 

PAUL JOSEPH PARISI, B.A. Sc. 

ABSTRACT 

A nove1 type of transferrad-arc reactor, in which an annu1ar 

sleeve surroua4s the arc over the major portion of 1ts length was 

delianed. An exper~nta1 prototype was tested, using ,cee1 powders 

as feed mate rial , to assess the effects of the major design parameters 
. 

and operating characteristics on the efficiency of energy uti1ization. 

The measured electrieal charaeeeristies indieatad that the 

total arc vo1tase depended strong1y on the arc 1ength ~P much les. 

on current and pl.saageu volumetrie flov rata. Gas injected 

tausentia11y &long tbe inner surface of the sleeve tended to stabilize 

the arc and redueed the arc voltage by 5 to 7 volta. The addition of 

a tan,entially-injeeted particulate feed increased the arc voltage by 

25 to 30 volta for an argon arc and 20 volts for a nitrogen arc. The 
~ 1 

parti"fÙate size (75 to 88 lIlic1ons, and 149 to 177 microns) did not 

bave an effeet on the vo1tase.1 For a given arc lenath and current 

the total arc volta.e aud hene. power of a nitro.en arc is double that 

of &11 arion arc. 
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The total power transfened by the arc: to the sleeva, anode 

and particulate feed (and thua potentially usable) axceeded 80%,....- The 

enerBY ut1lized -to melt a .teel particulate feed was 0.91 kWh/ka 

deapite the fact that 70% of the arc' s power vas 108t to the coolecl 
.. D 

iDteriQr surfaces of the r •• ctor. 'nte fraction of the arc t s power 

108t ta· the exbauat p. stre .. vas 1 ••• the 3%. 
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par 

PAUL JOSEPH PAllISI. LA. Sc. 

lequel \Ille _che amwlaire entoure l'arc sur la plue grande parU. de 

sa lODpaur. qu prototype explrt.rDtal a étE construit, d&IUI laqual 

de. poudr .. d'acier de diff'rentea aro •• eurs ont été injectées pour 

dlter.1ner l'influence de. divers par..atres et caractêristique. 

d'op6ration .ur l'.fficacit' d'utili.atian de l'énergie électrique. 

Le. .sur.. obtllDuea incl1.queut que la tension totale de l'arc 

dapead fort...ut cie aà lODaueur. et beaucoup lIOiDa du courat èt de 

1 "c:ou1~t volWl6trique du lU pl __ liue, l'injection tàDaeut1eUe 

de ._ le 1001 le 1& surface interna de la DUche tend 1 atab1liHr 

l'arc et rlduit la teua10n par 5 l 7 volts. 

-" 
L'alt.eDtatio&-taaaentie!le de partiele. aus-ente la teuaion 

par; 2S l 30 volta pour ua arc d'arion et par 20 volta pour un arc 

d'uote. Deus fractions de poudree d'acier ont Ité utilis' .. (Ulla cie 

7' 1 88 1Iieroua, l~ autre de 149 1 172 ucrons) .ais ce. d1Muaiou 

d1ff.rate. Il 'ont pee eu d' effet- aur la tanaioD. Pour UIle 100'-111: 
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dt arc et pou~ un cour~t donni... la tension et par cons'quent la 

puisa.nce d'un are d'azote sont double de celles d'un are d'argon. 

La pu1.aance total.e traaafid. par l f arc l la manche, 1 

l' an~ et 1 1. poudre 1ujec:tie d8D8 le r'acteur excide 80%, et 
~ 

r.prieeute l' I.r,1e utili.abl. d8D8 un, riacteur industriel. 

L' IIlerl1. util1sl. pour fODdr. 1.. poucire. d' ac1.r •• t de 0.91 kWh/kg 

1Ul.lr' le fait que 10% dè la pu1.aance de l'arC! .st ab.orbie par le 

r.fro1c11 • ..-nt du rhct.ur. Seul~t 3% de cette pui •• auce •• t 

perdue daDa 1.. 1ft d' àc:happeMnt • Dàns chaque .... 1 t 110.1.Da d. 0.1% 

de. poudr •• d' alt.eD.tat1oa O11t 't' perclw,sdau ceux-ci. Ce fait .et 

d'une iIIpo.rtance ccmaid'rab1., pu:1aqu' U da.ontre 1 'habU1.d de c. 

type de dacteur 1 traiter uae al~t.t101l d. poudre. td. fiD ••• 
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GDIDAL tNTIODUCTION 

Arc pl--.. are receiv1na increaeing accencion, noC only 

.. an iratriguing reaearch f:1eld, but &8 an induacrial technique for 

the heattnS and chem:1cal treatment of a variety of mater:1al.. A 

number of arc plasma Teactors or furnaces have been proposed over 

the past rwenty years ta take advantase of the unique properties of 

arc plasmas and also to overcome some of the problems involved in 

their use. 

For the p.st five yeara, ,tbe KcGl1l University Pla ... 

Laboratory has been inveatigatins the electrical and heat transfer 

( characteristics of transferred-arcs. Based on this information and 

on the design of some earlier plasma reactors. the Noranda Research 

Centre developed a new reactor that appears to be particularly weIl 

8uited for high-teaperature chemical or metallurgical reactlons, 

while allowing a higb desree of energy utilization. 

The purpose of this study was to construct a prototype 

.ode! of tbia new reactor and to determine its operating 

cbaracterist:1cs. including the transferre~-arc's electrieal 

charaeceristics and tbe various modes of heat transfer fram the 

plasma column to varioua parts of the reactor camponents, under a 

variety of operating condit:1ons. Initial tests vere carr:1ed out 

1 
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~1ns azially-inj.ct.d pl .... S.n la. only. A .econd pha.e of the 

proj.ct involved the injection of a taDlential carri.r sa. wbi!e 

finally the injection of particulate feed vith the carrier las vas 

UDdertaken to stœu1ate an- actual industr1al proces •• 

In accordance vith the practice in the Plasma Laboratory, 

thi. th •• is i. pre.ented as a number of individual sections, wnich 

are co.plete in th .... lve.. The two main sections are: 

(i) A re~ew of the pertinent literature of transferred-

arc theory, the d •• ian of ca.mercial and laboratory plasma reactors 

.ad the curreat application. of plasma to metallurgical processing. 

( (1i) An experimental section with a detailed description 

of the exper±.ental .y.t .. de.ign and operating procedures, the 

characterization of an arion pla~ in the reactor and the 

detera1Dation of the enerlY di.tribution in the reactor system 

~r a variety of operatinl conditions. 

Pro. this expertaeDtal .vidence, concluaion. are pr •• ented 

and r.co..enda~iona for further work are offered. 

1 
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1 
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LlTEIlArUI.E UVln 

nrtIDDUCTION ) 
; 

A reviev of the f'md..-Dtala of pl.... phy.ic. and of pla ... 

teelmololY in ,eu.ral, inc1udinl application. and ,meratinl dence •• 

cau be found in several booka and review article.. For the purpose of 

this theais, the boou by Baddour and TiDD1ns (1967) 1 Boyaux (1968) 

and Rowatson (1976) are the .ost pertinent. Of the review articles, 

tho •• of Waldi. (1972 a,b) RykaliD (1976). Fauchais (1980, 1982). 

Bbat (1981), Kaasabji and Fauchai. (1981'. Fauchais et al. (1981, 
\ 
\ 

1983) 8Ild Sb .. r et al. (1982) are the ~.t relevant, from a general 

point of view. ; 
... 

Becauae tha praMl1t r .... rch projeet i •• 1Md at a better 

UDder.taudinl of the fuad .... tal opar.tinl char.etari.ttc. of • 

traDSferr.d-.rc pl .... r .. ctor for .. tallurlical proce •• iDa. only 

tboae ref.renc.s which .re p.~icu1.rly pertinent to thi, .r~. of 

p~ teehDololY vU! be rev1eved bare. 

The tara "p~ If i. UMcl to cIe.:1pata paeoua a:1ztur •• 
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In a more practical senee, the ter. pl .... 1s applied to the gaseous 

state of substances frOli the IIIOIII8Ilt the las acquire. a noticeable 

elect~eal conductivity. and ie thue influeneed by electrical and 

.. petic ,fields. 

Pl ..... are subdiv1ded into non-thermal or cold pla_s 

and thermal plaflll&s, depending upon the pressure of the environment. 

At lov pressures, the average kinetic enersy of the electrons (or 

electron tamperature) is signifieantly hilher than that of the 

he~ar iona, atoms and molecules. At hilher pressures. the 

differenee between the electron and heavier partiele tempera.ture is 

l.ss .. rlted. Figure 1 lllustrates nov el~ç1:ron and ion temperatures 

for an arc plasma vary vith pressure. At pressures approaching 

at'llOsphedc conditions the se temperatures are essentially the same 

and the pla... is said to he in local thermod}'tlaJDil.e equilibrium. 

They are refen:ed to as thermal plasmas. In this review ve are 

uinly eoneerned vith thermal plasmas, as they are the most re1evant 

to high-teaperature ehemi.cal and lMtallurlieal proeessing. The 

ta.perature of a thermal plasma is an important property which ean 

be used to predict other thermodynaadc and transport properties of 

the pl..... For example, it is possible to calculate the enthalpy 

of the pla ... as a funetion of its tempe rature , as shown in Figure 2. 

The .t:~ep !nereasea in enthalpy result frOll the dissociation aud 
) 

ionizat:ion of the las that' occur as the teliperature is illereasad. 

1 
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FIGURE 1 

( 
LaV-PRESSURE vtRSUS RIGa-PRESSURE ARCS 
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FIGURE 2 

ENTHALPIES AS A FUNCTION OF TEMPERATURE 

AT ATMOSPHERIC PRESSURE 
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PLASMA DEVIeES 

Plasmas can be generated between electrodes that carry the 

current to the plasma regian. These types of plasmas are known as 

arc plasmas. A plasma can also be generated without electrodes in 

high-frequency indue tance or capae i t.ance-coupled genera tors. High-

frequency plasma generators are used primarily in the laboratory 

when high levels of purity (absence of contaminat:ion from elect.rode 

erosion) are required and/or corrosive gases are utilized as the 

plasmagen gas. The high cost and low effieiency of these plasma 

generat:ors is such that they have limited industrial applications. 

High frequeney plasma generat.ors and their applications have been 

well deseribed by Galthier et al. (1973), by Eckert (1974) and 

Boulos et al. (1980). 

Arc plasmas are formed by striking an arc between two or 
, 

more e1ectrodes. Arc plasma generators are classified into two 

categories: the jet plasma torch and the transferred-are reactor. 

In a jet plasma torch, the arc is struck between a pair of 

electrodes. The p1asma-forming gases (or plasmagen gases) are 

1ntro~uced into the arc wher\ they are heated. The hot plasma gases 

are then ejeeted at high veloc'ity out of an exit nozz1e. The various 

types of jet plasma t.orches in existence, their design, operating 

characteristies and the methods used to stabil1ze the arc are weIl 
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described by Kassabj i and Fauchais (1981). The objectives of the 

jet plasma torch are ta produce a hot gas which can then be used 

for heating. chemica1 synthesis or drying. The applications and 

uses of jet plasma torches have been reviewed by Fauchais et al. 

(1981, 1983). A descript ion of some of the commercial.ly available 

systems is given by Camacho (1982), Har~man (1982) and Fey et al. 

(1982) . 

In a transferred-arc reactor, the materia1 to he treated 

• 
acts as one of the electrodes, generally the anode. The efficiency 

of this device i8 generall.y higher than the non-transferred plasma 

torch because the heat transferred to the anode contributes to the 

process and i8 not lost as in non-transferred devices. 

A review of transferred-arc theory, reactors and applica-

tions will now be conducted since a transferred-arc plasma reactor 

ls the focus of attention of this thesis. 

TRANSFERRED-ARC PLASMAS 

A transferred-arc can be divided into three regions. The 

anode region. adjacent to the anode surface, the c~thode region, 

adjacent to the cathode and the arc column generated between the 

two. the voltage gradients near both the anode and cathode surfaces 

are very steep (particularly near the anode) while that of tbe arc 

l 

l 
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column is in general less steep and constant with arc length. This 

1a shawn 1n Figure 3. The nature of the arc voltage characteristics 

in all three regions 18 a function of the anode and cathode materials, 

plasmagen gas, gas velocity arc current and arc stabilization. Each 

of these three regions will now be discussed separately. 

ARC COLUMN 

The arc column forms the bulk of the plasma volume in a 

transferred-arc reactor. The electrical characteristics and methods 

of arc stabilization are ~portant considerations in the design of 

this type of reactor. The arc column is also a major source of . 
î 

1 
1 

radiant energy which must be used effectively in order to have 

efficiènt energy utilization. A knowledge of the gas composition 

within the arc column 1s critical when attempting to measure arc 

l 
i 

! 
properties and also when attempting to perform dissociation reactionS 

in the reactor. 1 

1. Electrical Characteristics 

The electrical .characteristics of the arc column depend 

on the plaS1ll8.gen gas, and on the gas velocity, method of arc 

stabilization and total arc power. lt also depends on ... the anode 

and cathode fall voltages which are in turn functions of aIl the 

above factors in addition to electrode materials and geometry. 
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FIGURE 3 

THE TImEE REGIONS OF A TRANSFERRED-ARC 
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The electrical characteristics of ah a~~ transferred-arc 

plasma bas beeu studied in detail by Choi and G~Vin (1982). They 
, J 

measured the current voltage characteriatics of thé--p1asma arc as a 

function of arc length~ cathode nozzle d1ameter and arc current 
. 

using a soUd water-cooled coppet' anode. Some of their results are 

presented 1n Figure 4. Using a molten copper anode, slightly lower 

arc voltages were observed at higher cqrrents. As is evident from 

Figure 4. the arc voltage 1s strongly dependent on arc length and 

inlet gas ve10city (at the cathode). but much less on the current. 

Similar measurementa were performed by Olsen (1959). 

Mehmetoglu and Gauvin (1983), while investigating voltage, .. 
temperature and velocity characteristics of an argon transferred-arc 

discovered that the plasmagen gas velocity and not its flow rate had 

a major effect on arc voltage. Thus reducing the uozzle diameter at 

the cathode to tnerease the gas velocity, vith the flow rate unchanged, 

tucr.a.ed th. arc voltage noticeably. 

Tsantrizos and Gauvin (1982). repeated this work us1ng 

nitrogen as the pla-..gen gas. The general behaviour was néarly the 

s_ as in the ca.e of argon vith the important difference that the 

total arc voltage wa. in ~ll case. nearly double that of an argon 

pla8lla. !hair resulu are shown in Figure 5. 
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iL Are ColUIID. Energy Balance 

The enargy balance for a radiative high-pre •• ure thermal 

arc can be written by subtracting the rac:1iative power density P 
....!. 

fram the power density released by haating in the Elenbass-aeller 

Equation (Hoyaux 1968): 

where a - the elactriesl conductivity 

k - the thermal. conductivity 

E • the electrie field (assumed to be uniform) 

The solution to this equation can on1y be solved numerically since 

both ~ and !. vary vith temperature. 

Mebutoglu and Gauv:Ln (1983) have sbown that the amount 

of radiation emitted by an are co1umn i8 p»1marily a function of 

the la. used, the arc length and the applied current. 

i1i. Are S tabllization 

Electric arcs by their nature tend to be unstable. For 

~1e, for the arc co1umn shown in Figure 6, if a force F1 were 

to be applied to displace the plasma arc column off its axis, a 

force '2 would b. created by the disp1acement of the column from 

(1) 
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its neutral axis and the direction of the force would be such as to 

magnify the displacement. Thus the displacement ~ll be ~phas~zed 

and made larger until the column ~s extinguished. 

.. 
The self-induced magne tic lines of force B are concen~rated 

inside the bend and are dispersed outside the bend of the displaced 

arc column. The effect of concentrating the magnetic l~es of force 

... .. :r 
results in a Lorentz force CF • J x H) interaction be~een the plasma 

arc column and the self-generated magnetic field. The direction of 

the Lorentz force 1s such as ta magnify the initial bending of the 

plasma column. This effect is the cause for lighcning discharges 

and other arcs in na~ure being jagged and short-l~ved. 

In order ta have a continuous stable arc 1t lS necessary 

ta utilize a method of arc scabilization. Numerous methods have been 

identified. The simplesc form of arc stabilization 1s wall stabiliz-

a~ion. ln chis situation, the arc column ls surrounded by a cold 

cylindrical wall. Any devia~~on of the arc col~ towards the wall 

will result in an increase in heat los ses to the wall. This will 

reduce the column temperature and hence its electrical conductivity 

The arc i5 thus encouraged to return to lts original ax~s. 

The arc can he s~abll~zed by transpirat~on when a cold 

sheath of gas 15 injected in~o the annular reglon hecween the arc 

and a cylindrical wall surrounding the a~c. This gas also serves 

co coo1t'the cylindrical wall. The arc 15 stahilized in much the 

same manner as in a wall-stabillzed arc. 

1 

l 
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The third method of stabilization i5 vortex stabilization. 

In this case either a liquid or agas i5 Lnjected in a tangential 

manner along the inner surface of the cylindrical wall confining the 

arc. In the case of a gas, the swirling gas motion establishes a 

pressure gradient which is everywhere centrally-directed and forces 

the column ta remain on the cylinder ax~s, as shawn in Figure 7 

The tangentially-injected gas also serves to cool the cylindrical 

wall. When a 11quid 15 injected tangentially along the 100er surface 

of the cylindrical wall, its tangential.motion ensures that lt flows 

along the wall surface becaU5e of the centrifugaI forces. The l~qu~d 

serves to cool the wall. Also, as the liquid evapo~ates, a region of 

relatively cool gas i5 formed berween the arc and the walls. The arc 

19 thus prevented from wander~g from lts axis in much the same 

manner as transpiration stabilization. This method of stabilization 

was first investigated by Maecker (1951). 

The arc can be stabilized by an external magnetic coil. 

The magne tic field generated by the coil interacts with the plasma 

in a direction normal ta the d~rection of the magnetic field. The 

magnetic lines of force cao be made to point to the center axis of 

the arc, stabil~zing and constrict~g the latter. 

Sheer et al. (1973) while investigatLng the use of plasma 

arcs for the simulation of reentry veh~cles deslgned a "fluid 

convection cathode". The cathode assembly shown in Figure 8 15 

coœprised of a conieal cathode tip surrounded by a concent~ic 

, 
1 

i 
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FIGURE 7 

RADIAL PRESSURE VARIATIONS OF VORTEX-STABILrZED 

AR.C DUE TO GAS StmU. 
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( 
shut!) nozzle. The las 1a inj ected acro.s the column in the relion 

1 of the contraction zoue nur the tip of the cathode. This ia the 

rel ion of the arc column where a natural 1Dwardly-directed pre.aure 

gradient exista as a rssult of the MBD body force due to the non-

uniform self-magnetic field of the contraction zone. This technique 

of injection haa a favorable influence on the column proparties. 

The couveraent flov has a cOlIlponent paraliel ta the axis, which ia 

az1muthally invariant and which exerts a strong stabil1zinl effect 

on thf! colUDlll. The flov alao has a centrally-directed radial 

component of JIIOID811tUlll, which exerts a f1uid _chanical conatriction 

on the column. Thi. caus.. an incraa.e in co1U11111 taperature and 

voltage aradient. 

( 

Sheer et al. (1982) -and Kassabj i and Fauchai. (198J.) have 

eltten.ivaly revieRd the variOd methoda of arc stabUizat:l.ou. 

/ iv. Arc Gu eoapoSit:l.011 

S1Ac:. Ln (local theJ:'llOdynamic equ111briUII) exists in 

tberma.l. arc, at l ... t avay fr01ll surfaces or the arc edle., the 

dearee of ionizat1on cu be calculated thermodyuamically from the 

1onUation potent1al, ualns the Saba Equation. In logarithlll.1c 

fom: (frOli Howatson 1976) 

( 
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, 

(2) 

wbere P .. pre •• ure (atm) 

5 T .. temperàture (lC) 

x .. degre. of ionization (fraction) 

v 
Vi -" iouizacion potential (volts) 

1 

Olsen (1959) calculaeed the plasma composition at various 

tasperatures ua1.ng che Saba Equation and u8i.uS the assumption of the 

pertect sas law, LTI and quasi-a.eutrality. FrOlll chis. Chang and 

Szeka1y (1982) show the fraction of sases ionized versus temperature 

at one aemospbare <Figure 9). 

( -

CArBODE REGION 

the cathode fall resion 18 an e1ecerically conneceing zone 

bec.an the cathode ad the arc column. cbaracc.rized by a marked 

poe8Dt1al drop. Choi (1980), in his the.is, sives an extensive 

revi.., of tbe pertinent theory and relevant literature deal1nS vith 

• 
1. Cathode Fall Voltai. 

rev accurate _aurnaents of the cacho,de fal1 vol case have 

beeo lI&de in tharal arc., ow1n8 to tha hush envirOllllent and IUll 

( 
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FIGURE 9 

DEGIEE OF IONIZATION OF SEVERAL 

GUES vnsus T!MPERATUB.! 
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( distances over which the fall voltage occurs. The thickness of the 

cathode fall as well as the anode fall region is in the order of one 

maan free path length of the electrons. For a~ospheric-pressure, 

h.igh-inteusity arc, this thickness is in che range of 10-3 to 10-2 D. 

The transition region would have a thickness of the order of oue 

millimeter. 

1i. Cathode Materials 

Cathode cao he classified as heing either hot or eold. 

Bot cathodes depend on therudonie eml.ssion for the ejection of 

electrons into the arc. It is possible to calculate the current 

density due to thermiouic euU.ssion with the Richardson-Dushman 

( Equation: 

(3) 

wbare J - New_tion currenc density • 
A - 60 A/cm2r..2 

• • 1.6 x 10-19 (electron elementary charge) 

K • Boltzmann'. eonstant 

v. • work functiona 

Gui.le (1971) hM meaaured the work function for a number of mac.rials 

iD an arion at1llOtrphera. Us data are reproduced in Figure 10. 
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FIGURE 10 

tBEllHIONIC WORK FONCTIONS VERSUS 

BOlLING TEKPERATUllE OF VARIOUS METALS 
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The most commonly-used ~ot cachode material 1.S choriated 

tungsten shaped ta a point \ for less than 1000 A) or as a hutton 

(up co 5000 A) Tungsten cannot be used l.11.ch aggreSSl.ve 0xl.di.z1.ng 

gases. Depending on che plasmagen gas and currenc dens~cv, a lite 

cime ranging from 200 hours co 1000 hours can be eX1>ec c ed 

Cathodes for IoThl.cn the electron emlssions are ascrl.bed 

ta field em1.ssions are referred to as non-therm~onl.c or ;::old cachodes, 

because the overall cemperacures of the cachode are substancia':'ly 

below that requl.red for therml.onl.C emissions These cachodes are 

most 0 ften made of copper and can operate in oX1.d.!.zing gases such 

as air with lifetimes or up co 1000 hours. Factors affecting 

electrode erosion and measurements of electrode erosion rates have 

been reported by \Hlson (1955). Fev and McDonald (19791 and Gu.!.le 

( 1981) Holm (1949) calculated by me ans of an energy balance on 

the cachode spot the erosion rates of tungsten, copper and carbon 

cathodes Eor various currents Below 1000 A, tungsten nad the lowest 

erosion rate. Above 1000 A, a carbon cathode loTould have the "-ovest 

erosion rate and copper the hl.ghes t . 

ANODE REGION 

The anode fail reglon. 11.ke the cachode faU regl.on. ~s 

an electricaIIy connecting zone bet:'\.1een ::he anode and the arc 

column, and 15 charactenzed by a marked potentlal drop ChOl (1981) 
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in hl.s thesl.s has extensl.vely reviewed the oertl.nent theorv and 

l1terature dealing with this region of the arc 

1. Anode FaU Vo l tage 

The anode fall voltage i5 difficult to :neasure or estl.mate 

Io7ith good accuracy Direct (based on probe :neasurements) and 

indirec t (based on anode energy balance) measurements 0 r anode 

raIls have been reported The errors l.nvolved :"'0 these :neasurements 

are usually large, sometimes exceedUlg 100 percent 

Busz-Peuck.ert and Finkelburg (1955, 1956) uSl.ng a tungsten 

cathode and a \Jater-cooled copper anode round that the anode raIl 

vol tage for an argon plasma varied \Juh b-oth arc length and '::nren t 

and concluded that lt \Jas related ta the temperature of the plasma 

immediately adjacent ta the anode. For an argon arc, they measured 

anode tall voltages trom as low as l 1T0lt ta a maximum of 12 volts 

at h~gh arc-lengths and low arc-currents. 

CobUle and Burger (1955) used the lonl.zation potentl.al 

of copper (-; 68 eu) as the probable upper luu t a f the anode f all 

voltage and zero as the tn1naum lUll.t ... tale :...nvestlgatl.Og the 

energy transfer to the anode and anodl.c erOSlon rates 

ChOl and Gauvl.n (1982) :neasured total anode and ~at:node 

fall voltages for an argon transferred-ar::: Inth a tungsten cathode 

and copper anode at: between 6 5 and 8.5 volts Tsantrl.zos and 
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Gauvin (1982) llSing a similar arrangement: to chat: used by Cho~ 

measured the combined anode and cachode Eall volcages of n~trogen 

at bec:ween 15 and 20 volts. 

Dinulescu and Pfender (1982) haVI! demonstraced thac the 

anode fa11 voltage could become negauve in the presence of a 

diffuse arc. This was confirmed by Cho~ and Gauv~n (1982) by means 

of an anode energy balance. 

li. Anode Energy Balance 

An energy balance on an aIlode must take into acc:oun c all 

the !Dodes of energy transfer to and from the anode. 

A simple anode heat transfer lDOdel for a cold (soll.d) 

anode was proposed by Schoeck (1963) According to his model, the 

energy entering the anode surface consisted of heat transfer by 

convection (Q ) fram the plasma jet through the boundary layé--r. 
conv 

radiative heac transfer from the arc to th~ anode (Q ), energy 
ra 

supplied by kinetic energy of the e1ectrons compr~sing the arc 

current and penetrating the anode surface (Q ) and the heat of 
1 

condensation of the electrons (work functl.on) ?enetrating the anode 

surface (~). The energy leaving the anode surface consl.sted of 

the heat conducted away inco the anode (Q ) and, the heat radl.ated 
c 

by the anode surface (Q ). 
re 

Thus che follo,l.ng expression for the 
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energy based on uni t area could be fJTitten. 

Q -Q +Q -Q +Q +Q +Q 
C re conv ra jw ~ 

For a mol ten anode, such as that ln a plasma melting 

furnace, a slightly different energy balance must be used. The 

energy transferred to the anode would consiat of the following 

terms. the kinetic energy caused by the acceleration of the electrons 

through the anode fall (Q ), the thermal energy transferred ta the 
a 

electrons from the hot gas III the arc column (Qk) (Thompson effect), 

the energy equal to the work function of the material (~), the 

energy transferred by convection from the hot gases (Q ), by 
conv 

conduction from the hot gases (Qcd)' by radiat~on from the hot gases 

(Q ) and by chemical reaction and joule heating (Q h')' Energy 
.-!!. ....s!!.l 

lasses would consist: of energy lost by conduction (Q ), evaporation 
c 

of the metal (Q ), radiation fram the metal surface (Q ), and 
evap re 

energy lost by sputtering (Qsp) and the energy conducted away by the 

surrounding gases (Q ) . Thus the overal.l energy balance equation 
cs 

cau be expressed as follova: 

(4 ) 

(5) 
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The last three terma of Equation (5) can be expressed in 

the following manner. 

where V 
a 

Q - r·v a a 

1s the anode fall voltage, ~ 19 the work function, k 15 

the Boltzmann constant, T is the electron temperature. T 19 the e w 

wall temperature, and e ls the electronic charge. 

Cobine and Burger (1955) while studyi.ng anode energy 

transfer with a high-current short-duration arc (1/120 s) found that 

the power 109ges by radiation and heat conduct~on within the electrode 

are very much smaller than the power lost by che evaporation of the 

metal vapour. By s~plifying Equation (5) they were able to estimate 

the heat lost by metal ev.porat10n and thus the anode erosion rate 

and anode spot temperature for a number of mataIs. 

Choi (1982) measured heat crans fer Co the apode uaing a 

water-cooled fIat copper anode. He uçilized a simp1ified form of 

Equation (4): 

(6) 

(7) 

(8) 

(9) 
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He measured the heat transfer to the anode by convection and radiation. 

He was able to est~te the heat transfer due to the work function 

(St) and the Thompson effect (Qk)' He also measured the energy 

transfer out of the anode by the cooling water. Rewriting Eq~tion (8) 

he was able to est~te the anode fall voltage. 

Q - Q - Q + Q + l (V... + V
k 

+ V ) c ra conv ., a 

The fall voltage thus measured a varied range from -2.7 to 1.3 volts 

for an argon arc. The amount of energy transfer accounted for by the 

three electrical terms [r (V
41 

+ Vk + Va>] was 55 to 7S percent of the 

total energy transferred ta the anode. The energy transfer by 

convection was sma~l for long arcs, but was significant for shorter 

arcs (less than 2 cm). The energy transfer by radiation fram the anode 

was small in all cases studied. 

PLASMA FUllNACE DESIGN 

(10) 

There 1s little doubt that the perception of plasma technology 

as a promising tool for indus trial chemical and metallurgical processing 

bas improved sharply during recent years. This is due in part to the 

availability of commercial plasma generat~g systems capable of 

reliable performance at powera of 10 MW and higher, and also to the 

realization that the use ~ electricity as the major source of euergy 
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does not nec.ssarily affect adversely tbe economic viabilicy of a 

process. In many applications, tbe quality of tbe heat energy 

supplied by a thermal plasma due ta botb 1ts very high temperature 

level (or 1ts thermodynamic "availabllity", in otber words) combined 

with the fact chat tbe heat can be transferred by mixing directly ta 

the system (that 1s, without the necessity of a heat transfer surface) 

1s so b1gh that lt frequently outvelghs the apparent priee advantage 

of fossil fuels. In addition, the plasmagen gas May frequently be 

used as a reactant for such reactions as oxidation, reduction, 

chlorination, etc. 

The aconomic feas1b11iCY of a proeess depends, of course, 

on many more factors than the cost of eleccr1c1ty, and the unique 

characteristics of a plasma system must be thoroughly understood 

j before a reliable techno-econolllic analysis can be undertaken. 

So far, the attention of the workers in the field has bean 1 
larlely directed at the behaviour of che var10us torches whieb have f 

1 

been developed .and at the characteristics of the plasma flames or 

tranaferred-arcs they generate. A great deal of effort bas also been 

davotad to studies of the kinetics of reactions performed in a plasma 

enviroumant and to develop new systems in which the reactions are 

aicher tœpossible or at least very d1fficult to acbieve at lo~er 

ce.peratures. To the autbor's knowledge, bowever, very little 

attent10n bas beau given to the design of the reactors in whicb these 

reactious ara to be performad. 
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Before describina the latest designs of plasma furnace, 

which are likely to doainate the field of plasma technology applications, 

at least in the near future, it i8 interesting to review very briefly 

the evolution in design which bas occurred in the recent past. Most of 

the se designs have never prosressed beyond the laboracory stage but each, 

in its OW'Q way, has contributed to a beCter understand:l.ng of the 

advantages and disadvantages of using thermal plasmas in chemical and 

metallurgical processing. Some of these earlier types of furnace have 

been reviewed by Ramhlyn (1977). They include the so-called Expanded 

Plasma Furnaces, in which an attempt was made to increase the contact 

time beev.en a particulate feed and a plasma Elame by expanding the 

plasma flame. Whyman (1967) used a rotatins water-coo1ed copper 

cylinder to achieve this p~ose, using the viscous drag-forces at 

the wall, rotating at: up to 1000 RPM, to expand "a stationary D.C. 

transferred-arc at the cencerline. Bryant et al. (1970) used this 

typa of reactor to ev.poraee alumina particles, but plugging and other 

operational diff1culties l~ted his work to a batch operation. 

50mewhat more prOlllising appearad ta' be the design of a new 

genaration of rotating furnaces, wbich can be clas.if1ed into horizontal, 

\ .1opiDa and vertical dru. furnaces. 
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1. Horizoutal-Drum Furnaces 

Horizontal ~ bave beeu studied by Grosse et al. (1963), 

Foex et al. (1972), and Sayce and Selton (1972). They eonsist of a 

drum l~ed vith the material to be treated and they are rotat.d alonl 

cheir horizontal axis at speeda varying between 500 and 1500 llPM. A 

plasma jet d1reeted along the horizontal uis at oue end of che drum 

18 used to heat the reactor. Material leaving the reactor 18 quenched 

and collected at the opposite end. The furnaces have beeu used 

sporadieally to melt and evaporate refraetory ondes on a small scale. 

Difficulty in feedui the IIaterial and w1thdrawinl the product 

prevented further development. 

:1.1. Sloping-Drum Fumaces 

Ta facilitate withdrawal of the molten products. Yerou.halœi 

et al. (1971. 1979) inclined the dna at ~ Und anlle vith the 

horizontal. They used this type of furnaee to reduce tricalcium 

phosphate with sil1ca and coke to produce phosphorus in a cout~uous 

1IIOde. Alain, difficult1es in achieving gas-t1ght fe.dinl and severe 

restriction in the level of power chat cau be u.ed bave limited 

further development. 

tiJ.. Vertical-Drum Fumaces 

In thia type of fumac., the feed IUterial, introdueed at 

the top t 18 flUIII by ce11trifuaal forces to the ratatina wall wbere 

l 
1 . , 

1 
! 

i 
i 

! 
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they form a layer of mo1ten material with a parabolie shape. The 

plasma flame is direct.d dOWDward aloug the axis of the furnace. This 

type has been used for the study of the melting of alwaina and of 

siliea by Bowie and Sayee (1974) and for the fuming of law-grade tin 

slags by s,rret et al. (1975). Bonet (1976) and Sheer et al. (1973) 

have proposed a variation of the vertical-drum furnace design that 

would c01Dbine the advantages of extended contact times of the rotating 

drum furnaces and the ability to handle fine particulate of the 

expanded plasma furnaees. !n spite of their conceptual orig1nality. 

it 15 difficult to visualize iudustrial appli~ations based on this 

design exeept for very small seales of operation. 

RECENT FURNACE DESIGN 

Considerable work has been devoted in the past - and 1s 

still being devot.d - in attempts in contacting a finely-divided feed 

ac.rial directly vith a plasma flame. OVing to the high viseosity 

of a very bot gaseoua stream, it 15 very difficult to injeet small 

solid partiele. into such a medium. Bowever it was obser-ved by 

Maecker (1953) that a zone of low pressure existed around the cathode 

tip into which ga. and solid partieles could be inj ected • 

Sheer et al. (1973) developed the "fluid convection cathode 

reactor" to t~e advantage of this phenomenon. In tbeir DlOst advanced 

delian, the plasma wa. establisbed between a single cathode and thr.e 
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transpiration anodes. This enabled them ta vaporize silica with an 

energy expenditure of only 1100 kW per ton. The National Physics 

Laboratories in the O.K. have developed a more powerful version of 

tbis design by replacing the transpiration anodes with plasma jets 

(Bamblyn 1977). 

The difficulty with this design i5 the impo5sibility of 

Lnjecting the feed material into the plasma with 100% eff1c1ency. 

At best, 80 ta 85% of the powder cau penetrate. This problem makes 

it impossible ta effect indus trial operations where complete conversion 

1s required, such as in the thermal decomposition of MoS2 to yield 

molybdenum matal with a sulphur content of less than 0.15%, which 

corresponds ta a 99.9% eliminat10n of sulphur (Kubauek et al. 1977). 

MOLTEN-POOL PLASMA FURNACE 

This type of furn.ce was originally developed as an Lmproved 

version of the convention&! electric arc furnace in which the carbon 

electrodes were replaced by plasma transferred-arc generators. W1th 

the use of a transferred-arc, the molten pool serves as anode, thus 

releasing the heat from e1ectron-recombinat1an direct1y inta the 

anode pool. 

Kaltea-pool plasma furoaces can be further c1ass1fied as 

either closed-hearth or ingot-withdrawing furna~es. 
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i. C1oaed-Bearth Furnaces 

Two of the ear1iest reports on plasma remelting furnaces 

wbere the anode consisted of the mo1ten metal product vare those of 

McCul10ulh (1962) and of Magno10 (1964). They utilized a 60-kW 

Linde Plasmarc furnace to malt lS0-kg batches of AISI 4340 steel. 

The chemica1 and physical properties of che steels me1ted in chis 

furnace were c1aimed to be equa1 to ~hose of high-quality vacuum-

melted staels. 

Commercial utilization of this type of plasma furnace 

commenced in 1973 with the commissioning of a 10-ton plasma furnace 

by UEB Ede1stahlwerke at Freital, East Germany. (Lachner et al. 

1973, Esser et al. 1973, 1974.) The furnace was fired with three 

d.c. 3-MW plasma torches utilizing either argon or a mixture of 

argon and nitrogen as plasmagen gas. The quality of the produced 

steel was comparable to that obtained in an e1ectrie furnace. 

(Fielder et al. 1975.) In 1977, a 30-ton furnace was started at 

the same plant. Features of the 30-ton unit were similar to those of 

the lO-ton furnace except that a fourth toreh had been added. 

Lugscheider (1981) reports specifie power eonsumption of 450-500 kWh/ 

ton in the 30-ton furnace. In the U.S.S.R., a plasma furnace of 

lOO-ton capacity i5 now operating using six 3.5-MW plasma torches. 

(Bhat, 1981.) 

Curr et al. (1983) of Mintek in South Afriea have recent1y 

described an exper~enta1 100-kVA furnace shown Ln Figure 11, vith a 
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FIGURE il. 
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hollow graphl.::e cathode, through loIb~ch a ll.ix::'.J.re of argon and 

nl. crogen 'Jas ?assed as the ? 1aS1!lagen gas Rasee :m ch 1s '010 rit 

~ddleburg Stee~ and Al':'ovs have r-ecent':' ': ~rderea a 20-Mli "lasaa 

furnace fram ASEA, Sweden. ta be ,:ollllUss:.oned 1.n Cct:Jber ::'984 

?~cx.les et al '19 7~' iescc.bed a 3-pnase ~C :-eac::or 

developed at ::he ~nl.verSHv Jf :or::)O(:), snown :'::1 :;-:.~.He :.: ',n::'l 

the arc Hruck between three "lo':''::'o,. grapnite e1ect:-odes. :~=-:Jugn 

winch the ?lasmagen gas ~S :..n:ec::ed The feed f al_s :JV g:-av:::v 

through the .:h~lDIH!V vhere it 1.5 ?re-treated !..n counter current 

contact W1.th the effluent gases before ;:asslllg thr:Jug~ the 3:-C and 

lllto the crucib~e Th1.5 appears co ':Je a ?r01lll.sLng jes :,.sD ;:JrJv~dlllg 

the feed material i5 not too f:.ne and contam.lnat~on lJ:t'1 é'arbon 

from the e1ectr:::>des ::an be tolerated 

A combined l.Dduct~on-p1a.sma f'.J.rnace shown in Figure 13 

has been developed in Japan by Da1do Steel Co (Asada and Adachi. 

1971) , Bhat (1981) has descr~bed a 2-ton f'.J.rnace of th~s des.lgn 
~ 

and its use by Daido Steel Co for oroduc~ng high-quality 

reslstance steels and super alloys TezuKa et al (1974) "lave 

described lts use for the melting of :uckel base alloys 

ii Ingot-Withdrawal Furnaces 

A semi-cont1nuous turoace consist.lng of 3 to 6 plasma 

torches 10cated rad1~11v in arder to melt an ax1allv-fed lOgot was 
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FIGURE 13 

DArDa STEEL CO. 

COMBlNED INDUCTION AND PLASMA FURNACE 
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developed at the Paton Welding Institute in the U.S.S.R. (Ryka11n, 

1976). Rykalio (1976) also described high and low-pressure furnaces 

with an axial plasma torch for melt10g of horizontal rods as weIL as 

a furnace with radial plasma torches for the melting of bulk charges 

into ingots, that have been developed at the Baikov Institute of 

Metallurgy . 

A low-pressure plasma beam furnace in which a direct-current 

argon plasma i5 transferred from a hollow tuog5teo cathode ta the 

workpiece (Takei and Ishigami, 1971) was developed by Ulvac in Japan. 

Bhat (1981) has described a 2.4 MW plasma beam furnace ~osta11ed by 

U1vac and used ta melt and cast t1tao1um a110Y9 and sponge. 

Roman (1983) has described a plasma furnace used by United 

Technologies U.S.A. for the recovery of h~gh1y alloyed scrap in 

which the scrap is melted into an ingot that is eont1nuously with-

drawn. 

RaTATING CATHODE FURNACES 

In a class by itself i5 this type of furnace shown ~n 
~ 

Figure 14 origina11y conceived by Tylko when employed by Tetronics 

Limited 1n the U.K. (1974). Wrongly called an "expanded precessive 

plasma". the plasma is struck betweeo an orbiting inclined cathode 

and an anode ring or an anodic pod of molteo metaI. Feed material 

i9 "rained" into the conieal high temperature zone thus created. 

Rotation speeds of up to 2000 RPM were used. 
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FIGURE 14 
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l Af~er Ty1ko's dep.~ure. Tetronics proceeded vith the 

dev.~oPDInt of this furnace. A 1400 kW furnace has been conatructed 

in associaeion vieh Foster Whee1er Limieed (1979) and has been used 
·z 

to deeermine the feasibiliey of producing a variety of ferroalloys ,1 

(Monk 1981). On hi. par~. ty1ko is continuing his work vith K. Reid • 

• t the Mineral Research Centre of Minnesota (Reid et al .• 1981). 

FALLING-F!IJf PLASMA FURNACES 

Two types of falling-film plasma furnaces. cyclonic and 

tub~r have bean developed. 

L Cyclonic Palling-Film Furnaces 

Blank and Ward (1967) described the development of a 

cyclone furnace for the removal of zinc fram lead blas~ fu~ce 

al •• s. Pl .... cyclone furnacas permit the proeessing of h18h~y 

endothermic reductions or vaporizatiotts, and provide good contact 

tima. without the 10sI of par~ic~el in the high velocity gas stream. 

A 200-kW plasma-fired cyc+oae furnace for the reduetion of silies 

ta si~icon monoxide bas bean pacented (Hamblyn et al .• 1976). 

1i. Tubular FallLag-Film Furnaces 

Cha •• and Skriven (1974) patented a laboratory fa1~ing-

film pl .... furnace utllizing ad. e. plaS1lUl jet carch. The furn.ce 
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( was used to reduce ilmenite and tricalcium phosphate. The ore 

particles were fed tangentially into the reactor where they were 

forced to the reactor wall by centrifugaI forces. There they 

melted and formed a falling-film of molten ore with which the 

gaseous phase could react. 

MacRae et al. (1979) of the Bethlehem Steel Co. 

developed a more sophisticated version shown in Figure 1S in which 

they reduced hematite with mixtures of hydrogen and methane, and 

vanadium trioxide with coke fines, at powers up to 1 MW. In this 
~ 

reactor, powders were 1njected tangentially and centrifuged onto 

the reactor iuner wall which functioned as the anode, to form a 

falling film. The film provided a reaction site for the reactants 

so that good residence times and contact were achieved. The film 

also thermally insulated and protected the water-co01ed anode. 

Kassabji et al. (1978, 1981) have built a similar design, 

the difference being that the sleeve was constructed of aegmented 

graphite rings in order to allow the stretching of the arc, 

fo11owing its initiation. The reactor has been operated at powers 

up ta 700 kW for the reduction of 1ron ore with hydrogen. In both 

furnaces the mo1ten bath in the bottom crucib1e ia heated only by 

convection in contact with the fairly cool spent gases. 

The m08t recent falling-film furnace i9 the Noranda -

Hydro-Québec furoace desi~ed by Gauvin and Kubanek (1981) and 

i , 
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FIGtJU 15 
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shawn :Ln Figure 16. This furnace differs fram the preceding ones in 

that the lDOlt.en bath in the bottom crucible serves as the anode. The 

plasma arc column extends over the entire length of the reactor. The 

charge in the bottom crucible can be melted much in the same manner 

as in the molten-pool furnaces lJhen the furnace is charged and 

ignited. Once star~ed, feed particles are fed tangentially at the 

to~ of the sleeve and forro a falling film along lts inner surface, 

-
where the desired high-temperature reaction begins ta occur, 

maintained by the intense radiation fram the arc. This type of 

reactor is very efficient as the falling film ab sorbs all of the 

radiant heat generated by the plasma arc. The ocher major region 

of heat transfer fram the arc i9 at the anode, wh1Ch serves to heat 

the molten pool in the bottom cruc~ble, thus enabllng lt ta be al sa 

used as a reaction site. The feed carrier gas which is optically 

thin serves ta stabilize the arc by its centrifugal mot1on, plck up 

little radiant heat from the plasma and helps maintain the walls and 

roof of the furnace cool. As no cooling is!required at the sleeve 

and at the anode this reactor is very efficient. Alsa as bath the 

sleeve and crucible (anode) can serve as reaction sites, residence 

times for reactions cao be adjusted ta meet the needs of the reaction 

taking place. 

This reactor will be descrtbed in greater detail in the 

Exper~.ntal Section, as the study of its operating characteristics 

forms the major objective of this thesis. 

\ 
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FIGURE 16 

NORANDA - HYDRa-QUÉBEC REAC TOR 
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::lasma lev::es and ,eactors has :>een lesc,::Jec _ .. a ie,_es ~. "e'::.o?'" 

ar:: ::'': ... es jV ;"auc:1a.:.s :. 982 _ Rvk.a:":'n 

:.. 980, _ Auoreton élIld Fauctl&15 

?lasma :netal1urgical ?rocesses are jeg1nn~ng ::: :lUiKe an 
F 

appearance on a cotllllerc~al sca1e The :ommer::lallzat::.on :::Jf ~lasm.a 

::ll:'ocesses stems ln :"arge ;lart fram the development :J f advaneed 

nl.ghly efflc1ent plasma generating dev~ces :ne developmen:: of 

plasma reactors has not, however, ?rogressed nearl'l as :ast 7~e 

oil crisis of the 1970' s which caused 011 and fossll fuels ln 

general to Lnerease in priee mueh more rapid1y than electrical 

energy a1so helped spur the developmen t of commercial plaStIla 

processes. Fina11y, the relue tance 0 f opera tors to 5witch from 

convent~onal fuels to electricity 1s slololly disappearing. The 

wi.despread use 0 f elec trie furnaces ln steelmaking based on serap, 

in the productl.on of h.l.ghly-al1oyed st:eels and of ferroalloys 15 

ample proof that electr.l.cal energy can be used 1ndustrully on an 

economlc baS1S ln :nany applicat:ions. 

The advantages of plasma furnaces compared to eonventiooal 

electric furnaces have been weIl documented and are based On actual 

/ 

(-



:Jp.rat~ng data 3hat ~98l.. :"uilcne~jer :'98: and ~auvU1 and =ho: _~83 

Thev :..nc~ude 

!ligher :ne.i.c:..ng ef::';::encv :olll?area :0 ~ilar 9i!es ~f 

convenr 1.otal el.ectric arc furnaces J 

Ab:L':~ty Co ?roduce a.i.iJv!I on.::h :';:'''' :ar~on :oncent 

-
3. Superl.or recovery of ::he alloy :&etaIs :::onta~nea i.n the 

serap and of chose added ta the !Del t. 

4. Abil.1ty ta ioject and alloy the malt W1..th nitrogen througn 

the gas phase 1.nstead of througn the use of expenSl.VI! n.1trogen 

contain.1ng al.l.oys 

S. Higher qual~ty product compared co tlàa.t :rom conventiona.i 

electric arc or induction melting furnaces. 

6. Ach.1evl.Ilg 10'" oxygen and hydrogen res iduals l.n the :ne l t. 

7. Reduc tian 0 f iron lasses ta below two percent. 

8. Suppression of no l.se ta a leve~low 60 dB. 

9. Eliminanan of discont~nuous shock load~ng of the eleetric 

power transmiss~an mains (fl.1cktr). 

10. Thirty percent lower capl.tal investment compared ta a 

modern Ultra High Power (URP) electric arc furnace system. 

{ 
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Coœpared ::J ;:onv.nt :"onill ?YTo.eca~:;.lrl~cal r-.duc t:on and 

_81:l.n1 techniqu.s basad :nt :OSS:l.:' :ue:'s. ?ia .... ?roc ••••• lJO\Ud 

n.ave cha follovinS additional advalltilS •• 

l. naxibUH:y in r-eductmt •• lacciou. 

2. .\billty co concencrUe en.ri)' wi.th resultant smaller 

reactor 11%e and ?oll.ut1ou abatement syscems 

) . Ab 1.1. 1t Y to operace lndependantly Jf oxygen potential 

4. Ab11.icy to transfer heac en.rgy ta the gal phase .. i th 

h:itkh effic1ency and w1.thout tha concaminac1on of combustion products. 

5. Much lower cap1!:al invescment requirements resuIt1ng from 

smaller ruetor size and the abil~ty to handie f~nely-div1ded feed 

materi.al, without expensive feed preparat 10n. 

6. Reduced manpower needs resulting from continuous operation 

and ease of automation for plasma processes. 

7. Less restrictions in choice of plant location; ability ta 

locate near ore supply as el.ectricity can be translrted ta the site 

cheaply and eff1.cientl.y. 

Plasma metallurgical processes that have been developed and 

demonstrated on either a commercial or laboratory scale include: 

1. Plasma meiting and remelting 

! 

l 

• · • ç 
! 



51 

Reduct~on of ~ron ox~des 

3 Ferroalloy ?rOauctlon 

4 Ratractory :neta.l ;n'oduct:::m 

.. . Plasma!ial t log and Reme l t :..og 

The 1argest COalercl.al development of ?lasma :nelting and 

remeltUlg applications has been ip the U. S. S. R . ,::'ast Ger.nany and 

Japan rBhat 1981) 

At Frel.tal, East Germany, VEB Edelstahlwerke has been 

operating a 9-MW plasma melting furnace since 1973 and a 30-ton -

20-MW (four torches) furnace ~nnee 1977. In the U.S S.R., plasma 

furnaces of lOO-ton capaeity are now operatl.ng USl.ng SlX J. 5-MW 

plasma torches. Reportedly chese furnaces are belong used for 

smelting ferroalloys and hot metals preparations using a combined 

charge of steel serap and direct reduced iron (Bhat 1981) 

Specifie power consumption is 600-650 kWh/ton in the 10-ton furnaee 

and 450-500 kWh/ton in the 30-ton furnace. 

Daido Steel Company of Nagoya, Japan has pioneered the use 

of combl.ned transferred-arc plasma with lnduetion melting furnaces 

(Asada and Adachi, 1971). These furnaces have been used for the ., 
me1ting and refining of iron and nl.ckel-base a1loys (Tezuka et al. 

1974). Between 1968 and 1981, Oaido Steel designed, built and so1d 

ta customers in Japan 28 plasma induction furnaces (Bhat 1981). 

, 
( 

"', 
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They range Ln capac:cy ~p co C"JO tons, depend~ng Jpon che type of 

~ecal or alloy ?rocessed. In add1t~on to :he 1aDy advantages 

already 11sted. Daldo Steel Company aIso cla~ :he =0110w1og' 

1. Vacuum-tiiht enclosure is not required. 

2. Repeated charging of scrap or charge can 

be done eas il y . 

3. ~lt rate and cherefore productlvlty are 

" higher chan chose in convencional 

induction or ele~ric arc furnaces. 

4. Superior remô.aa" of impurlties through 

the use of 91ags, deox~dants and reactive 

gases. 

5. Quality of product sim~lar to that produced 

in vacuum induction furnaces, but at a lower 

cast. 

Daido Steel Company (Hiratake 1981) have developed a plasma arc 

melting unit for the processing of nuclear waste. The furnace i5 

capable of melting 1700 ZOO-liter drU1lls per year. It is interesting 

ta note that Thomas Barton, 15 currentIy testing at the Royal Military 

College in Kingston, Ontario, a smail experimental unit for the 

destruction of chemical wastes such as PCB (Barton 1982) indicating 

a growing interest in waste disposal by thermal means, which appears 

to be cheaper than more conventional methods. Ulvac has developed a 

• 
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process .lSing a plasma beam :nelting Eurnace for the meltl.ng of 

r-eactiv'e metals. Furnaces up to 2-4 ~ compri5ed of 5lx .. OO-kW 

plasma guns and capable of cascl.ng )-con slab 1.ngot of t1tanium 

and tltanlum alloys hava been put in operatl.on (Bhat 1981) ln lapant 

China and India. The plasma beam toreh lS compr1sed of a hollow 

cathode transferring an arc ta a mol ten bath which i5 contained 

in a coneinuous-easting mould. The operation 18 car-ried out in a 

vacuum and very small amounts of high-purity argon are fed down 

the bore of the hollow cathode to create the plasma beam. The 

plasma beam furnace proeess eliminaces two or three steps when 

campared to conventional ticanium alloy manufacturing. In addition 

the titanium can be case into any shape des1red. 

Plasma arc remelting furnaces up ta 3.6 MW in Sl.ze are 

being used for the manufacture of high-puri ty specialty metals 

and a11oY5 in the Soviet Union (Bhat 1981). The main advantages 

of the process are (Paton 1966): 

1. Remelcing in atmospheres of 1nert or reactive gas. 

2. Remelting using thin slag caver. 

3. Remel ting wi ch s imul taneous deoxida tian 0 f the 

metal with hydrogen. 

4. Alloying steels with nitrogen. 

5. Large surface for gas-metal interactions. 

6. Negligible loss of volatile elements. 
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11 . Reduc t ion of Iron Qxl.des 

Gilles and Clump (1970) investigated the hydrogen reduction 

of irou oxide in a 25-kW d1rect-current plasma jet reactor. This 

work demon_crated the feasibili ty of this type of reduction. but the 

energy requiremencs vere approximately 100 times greater chan th.ose 

requ1red theorecically. owing largely to the small scale of the 

experiments. 

Don MacRae of the Bethlehem Steel Company (Gold et al. 1975) 

was the first to demonstrate che technical v1ability of the plasma 

reduction of iron ores. using first a 100 kW and later a 1 MW d. c. 

falling-film plasma furnace. The lowest energy consumption was 2400 

kWh/ton of 1ron. 

At the Cockeri.ll steel plant in Belgium (Fey et al. 1981), 

a tuyere in a blast furnace producing 1. 8 million tons of metai per 

year was retrofitted in 1978 for operation w1th plasma superheated 

gas. The use of the plasma heaters has resulted in a reduction of 

the coke consumption rate by 60% in that single tuyere. 

SKF of Sw~d§,n (1983) have deve10ped a number of processes 

using plasma heaters. The Plasmared Process utilizes plasma heaters 

to preheat and upgrade reducing gases for the direc t redu~tion of 

iron ore. A 50,000 t/year plant started operation in 1981. The 

Plasmasmelt. Plasmadust and Plasmazinc processes utilize plaslit 

heaters to preheat reducing gas at th.e tuyere of the blast fumace. 
! 
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A prel1minary ecouoœ1c ana.lysis indicaces chac the PlaSlllasmelc 

proces. 1Il1ght be competit1.ve w1.ch conventional blast furnace tron 

production. A 70,OOO-ton/year Plasmadust plant for the reduction 

of steel mill wast. oxid.s in order to r.cover the lI' metal content 

(1I&1.n.ly zinc) 15 scheduled to start up in 1984. 

111. Ferroùloy P-coduction 

'The feasibility of ferTochrome production has been investi-
1 

gated by Tetronics Led. 1n conjunction w1.th Mintek Led. of Sotlth 

Af-cica in an expanded preeesaive plasma furnace (Barcza et al. 1981). 

Further tests were performed by Mi.ntek (Curr et al. 1983) us long a 

ho110w graphite cathode eransfe~red-arc reactor. A 20-MW furnace to 

be buile by ASEA, Sweden 1s scheduled to seart up in October 1984 for 

the production of fen'ochrome. 

MacRae et al. (1976) have demonstrated the feasibility of 

the continuous production of fer-covanadium at 500 kW 1n the Bethlehem 

Steel falling-film plasma furnace using carbon and vanadium trioxide. 

Energy requirements were 3240 kWh/ton of alloy. Gauvin and Chai (1983) 

have reported having little difficulty in treating vanadium pentpxide 

l ' 
in the Noranda rHe tOI' wi th iron and carbon to produce a ferrovanadium 

alloy meeting steel industry specifications. 

Plasma production of ferroalloys of tantalum and niobium 18 

still 1n the 1aboratory stage (Gauvin and Choi, 1983). l 

1 
i 
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iv. Refractor] Metal Production 

The refractory mataIs belonging co Groups IV B, V B and 

VI B of the Periodic Table generally exhibit high strengths and 

good corrosion resistance. Because of their high melt1ng points 

and cheir free-energy of formation character1stics they require 

elevaced process temperatures. The h~gh cemperatures and gas 

enthalpies that cau be achieved with plasma reactors are ideally 

suited for refractory meta1 production. 

The production of molybdenum by the plasma decomposition 

of molybdenum disulfide has been investigated using high-frequency 

plasma generators by Huska and C1ump (1967) and in a transferred-

arc reactor at the National Physical Laboratory in the C.K. (Sayce 

1971). These attempts showed the diff1culty 1n driv~ng the sulphur 

concent of the product down co the level of 0.157. S, required by 

industry. Following the experimental study by Munz and Gauvin (1975), 

the technica1 and economic feasability of produeing commercial grade 

mo1ybdenum by the decomposition of molybdenum disulf1de using a 

transferred-arc reaetor was f1na11y demonstrated by Gauvin et al. 

(1981). They obtained a product containing 0.085% su1phur which 15 

below the maximum su1phur content'of 0.15% demanded by the steel 

industry. • 
Gauvin and Chai (1983) have inves~igated the production of 

zirconium and titanium via the dissociation of their respective 

( 
\ 
1 
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chIo rides in a transferred-arc plasma reaetor In the proposed 

pro4ess the œetal chloride would a130 be produeed from 4tS oxide 

in a plasma reactor. The technieal feasibilicy of chis step has 

been demonscrated by Bieeroglu and Gauvin (1980). 

the reduetion of tungsten triox1de with hydrogen Ln a 

he11~ plasma jet has been carried out (Ettingler et al. 1979). 

Yields as ,h1gh as 95% were reported. Ettingler et al. (1979) also 

report on a number of approaehes used for the production of 

tungsten metal, tungsten carbide and tancalum carbide. Methane 

was introduced with the œecal or ox1de powder in a helium plasma 

jet to carbon1ze and reduce the metal. 

CONCLUSIONS 

As i5 evidenced by the lim1ted commercial utilization 

of plasmas in metallurgieal proeessing, much work remains to be 

done in the areas of plasma reaetor design and in adapting or 

modifying meta~lurgical proeesses to best take advantage of thermal 

plasmas Many unique c~aracteristics. 

1 
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mERDŒNTAL SEtTIOM 

arntODtJCTION 

n.n i. littl. doubt that the perception of pl .... 

technololY ••• prOllli.1D1 tool for ind~trial chem1cal and metallur-

&1c:al proc •• sing has 1IIIproved .harply during recent years. This 

1. due in parc to t:hl availability of c01lllllArcial plaS1D& generating 

lY.t ... capable of rdiable p*rform&nce at powef' of 10 MW and 

9iaber, md allo to the raalization that the ua. of electricity .. 
# 

the _jor sour CI of .erlY does uo"t n~ce ... ruy affect adver.ely ~ 

tha IConOlaic: viabli1ty of • proce... In mmy application., the , 

quality ot t:he h •• t eneru sup-,ied by a thet'1llal pl .... due io both 

it. very lU.ah teaparatura leval (or it. thermoclynaic "av.U.bUity" 

1A other word.) co.bined wi.th ehe fact ehat tba hut ca be 

tranaf.rred· by .1x1DI Uraetly eo the .y.ta (that 1., w1tbout th.­

HC •• 1ty of • h .. t tr.sfar surfael) 1. 10 h1.ah that tt fraquently 

oul:Wa1p. tha al'parent priel advant .. e of fo •• U fuels. In adclit1.oa 
1 

tbe pl ... pm ... -y fraquently be uae~ al • react_t for auch 

reacticnul .. orlclation, raduetiOll, c:hlor1Dat1Otl. etc. 

l 1 \ 

t'be leODCM1c feaaibU:Lty of a proca_ cl.peada of cour.. 0Il 

MIlY .ore factor. tha tbe co.t of elactr1cicy. ccl tbe UlÜ.que 
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characterist:1.cs of a plasma system must be thoroughly unde~.tood 
\ 

bafora à rel.:1.able t;echnoeconomic analys:1.s can be undertake~r 

To dau, the at-centiov. of the verltera in tbe field ha. 

b.en 1arge1y dir.ct.d at the bebavior of the v.r'ioua torch •• which 

have be.n developed and the bah.vior of the plaasa flame or 

tr~fen'ed-arc they a_nerate. A great deal of effort has al.lo 

b.au d.votecl to Ituciie. of the ld.netics of reaetione performad in 

a pl ... envirODM11t and to devel.op a.v systems in which the 

r.actioa.. are aither :f.IIIpo •• ibl. or at 1 ... t very difficult to 

ach:l.v •• t lowr t.-p.r.ture.. To th. author{. Imovl.aclg., V1Iry 

/ 
11tt1e .ttalltiou h_ be.u aive ta the de.11ll of th. reactora 14 

wbich the.e reactiOlUl .re ta be performed. 

MaDy of the url.ier furnac. de.illl. bave a.var pro.r •••• d 

beyaDd. the labor.tory or pUot .t.... Tha.e have been d •• cr:lbed by 

a..1yu (1977). Tbaae 1Dc1ude ezpauded pl.... fumac.. and 

ntatina p1..- furaac... A rotatina catbode furnace., vith a pl .... 

arc .cnck. beCVUD ail orb:ltiDl iAclined cathode on tb. roof of the 

fumace néI aD l1IIlU1ar anode riDa or AIl anoclic pool of _ltan Mtal 
-' 

wu drNloped by ty1ko for tetrOlÜcI (1914). A l400-kW furaace of 

tIaia type baa bec coaatructed iA .. lOcution rith Po.car Wbealer 

IJ.Id.cad (1919). 

1Io1t:_-pool. pla_ f1lJ:'lUlC'e. ~ are .... d.a1l.y a 

Q ... _t1oaal. e1ectrS.c furaace rida tha e1.ctE'Odetl "111& replacecl 
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by pl .... transf.rred-arc ,eneratorl have enjoyed the greatest 

c01IIIIarcia1 suce •• co dace. A lO-ton pla ... furnace firecl w1th 

threa d.c. 3-HW pl .... torche. w •• cOlllllis.1oned in 1973 by V.I.B. 

Ue1atah1wrlte at Freital. Ea.t Germmy (L&chner et al .• 1973). 

A 30-tOD four-torch furnac:. wu st.rted in 1977. Bbat (1981) ha. 

~eportec:t-that a 51• 1 1ar lOO-tOD furnace h.ving su 3. S-MW pl .... 

tOrche. 1. nov operaeing in the U.S.S.R. 

Curr et al. (1983) of Mincek in South Uric. have 

daacr~bed a 20-MW furDaC. haviDl • hollav Iraphtt. cathode that 

... racatly orderecl fr_ ASIA, Swedau &Del 18 to be c.-1 •• ioaed 

iD October 1984. 
\ 

A ec.b1Dacl iJJdw:t~OIl-pl .... furaace haa beau clave10pad 

iD Japan by Daido St .. 1 Co. (ANc:Ia lDd Aclachi, 1971). It bu beu 

UM4 for _lt~ hiab-qua1J.ty euper-al10y.. Ulvac: Ltd. of Japa 

bu 4evelopecl • lov-pr ... UZ'. pl.- hua furuce in wh1.ch a tirect 

curr .... t araGD pl.- i. traDeferrad frOli a hoUov tUlll.tau cathode 
, 

ta tu vorkpiace (Talca1 ad l.hi ...... 1971). Furnace. up to 2.4-MW 

of ttu. type have beall uaed to ~t ad c:aat titau.1U11 all01. aDd 

apoqè. 
~,. ' ---

ID orcler to r.cluca IMl'S1 10.... to the furnac. wal1. 

ad roof. md to ut:f.l.ize as auch of tha e11erl1 lan.r.tecl in tha 

p~ torch a. po •• ~b1.t Cha •• mcl Skriven (1914) patented a 

faUiDt-fUa pla_ funac. utllis1D1 • d.~.· pl._ jet torch. 

.. 
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( 
The ore particles were fed cangentially into the reactor where they 

were forced ta the reactor wall by centrifugal forces. There they 

œelted and formed a fal.linl-film of 1IIOlten ore rith which the gasaous 

• phase could re.ct. 

MacRae at al. (1979) of tbe Bethlehem Sceel Co. developed 

a IIOre sophisCicat.d version shawn in 11l'1r8 l in wh1eh thay reduced 

hematita with IIlUture. of bydrogen and œethane, and vanadium trioxide 

vitb coke fin.s at power. up ta 1 M'W. In this r.acCor, powers were 

inject*d tmla.cially CId cencrifuced onco tb. reactor 1Dner wall. 

whicb funcciO'Ded .. ~h. anode, to fom a fa.l.l1n1 film. The film 

provided a reactiou sic. for th. reactmts 50 that good r •• idet1ce 

e1MI and COIltact "re achiavad. The film also tharmally a.ulac.d 
( 

.ad procected the wacar-cooled Mnoda. 

Tbe .olt recent fall1na-film furnac:. 1.s ch. Noranda - 1 , 
, 
j ",dr~b.c furnace d •• ipad by Gauv1n cd lubaek (1981). and . , 

+. 

aboft in P1aure 2. This furnace difters frOll the Bethleh .. fumace 

in that the mo1tan b.th ~ the bottOll crucible serves •• the _ode. 

The pl .... col~ lurrounded by • sleeve over IDOle of its 1an.th 

axtmc:la over the entire 1anaeh of the reac:tor. The charge in che 

boctoa cruc:ible cau be _lted ·lDuch in the .... UDDer as :in the 

melten-pool fumacas. Fead parciel •• are fad cangantially at che 
" 
top of the slaave, at che .... heilht as the catbode. and f01'1ll • 

falling film aloug it. iDner surface, whera the d.sired hiab-

( 
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temperature reaction begins to occur, maintained by the intense 

radiation fram the arc. This type of reactor 1s very efficient 

as the falling film absorbs all of the radiant heat generated by 

the plasma arc. The ocher major region of heat transfer fram the 

arc 1s at the anode, taking advantage of the anode fall. This serves 

to heat the molteu pool in the bottom crucible, thus enabling 1t to 

be also used as a reaction site. 

The feed carrier gas which is optically thin serves to 

stabilize the arc by'its centrifugal motion, picks up little radiant 

heat fram the plasma and helps main tain the walls and roof of the 

furnace cool. As no cooling 1s required at che sleeve and at the 

anode, this reactor 1s very efficient. Also as both the sleeve 

and crucible (anode) can serve as reaction sites, residenee times 

for reaetions can be adjusted to meet the needs of che reaction 

taking place. 

The scudy 9f the operating characceristics of this reaccor 

forma the major objective of this thesis. 

Plasma furnaces are beginning to be used commereially in 

melting and remelting and in pyrometallurgical applications, though 

their use is far fram being widespread. Apart from suffering from 

the major disadvantage of using costly electric energy, plasma 

furnaces offer the operator a number of well-documented advancages 

(Gauvin and Choi. 1983). It 1s only by considering all of the 
, 
l 
i 
i 
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l advantages and disadvantages of us1ng plasma furnaces and camparing 

these to campeting technologies that a proper evaluation of the 

econom.1c viabillty of using plasma furnaees can be made. 

Compared to conventlonal electrie arc furnaces the 

advantages of plasma furnaces are: 

1. Higher melting efficieney camparad to sùailar 9i%es of 

conventional electrie are furnaces. 

2. Abi11ty to produce alloys vith law-carbon contents. 

3. Superior recovery of the alloy metals contained in the 

9crap and of those added to the melt. 

4. AbUity to inject and alloy the melt vith nitrogeD 

through the gas phase instead of through the use of expensive 

o..itrogen containing alloys. 

5. Higher quality product compared to that fram eonventional 

electric or induction melting furnaces. 

6. Achieving lov oxygen and hydrogen residuals in the malt. 

7. Suppression of noise to a level below 60 dB 

8. Elimination of discontinuous shock loading of the electric 

power tranS1ll1.ssion mains (flicker). 

9. Thirty percent lover capital investment c01llpared to a 

modern Ultra Hilh Pouer (UBP) electrie arc farnaee system. 

10. Ieduct101l of 1rou los.es to belov two percent . 

• 
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( 
Compared to couvèntiotl&l PYT01Ileta.l.~urlica.l reduction and 

sa.lting techniques bas.d on fo •• il fuels. plasma proc ••••• wou.ld 

Bave th. folloving add1tional advantages: 

1. Flexibility iD reductant se~ection. 

2. Ability to concentrate energy with resu.ltant naaller 

reactor s1ze and pollution ab.tement systems. 

3. AbU1ty to operau iDdependently of 0ltYgen potential. 

4. AbU1ty to transfer heat energy to the gas pha.e with 

~gb .fficiency and without the conta.ination of combustion products. 

5. Much lover capital iuvest:ment requiremeuts resu~ting from 

-Uer reactor size and tbe ability ta handle finely divided fe.d 

( .. 
raacerial, vithouc expansive feed preparation . 

.... 
6. Raduced aanpov.r n •• d. res~ting fram eontinuou. operatiou 

.ad .... of auta.acion for plasma proce.ses. 

7. La •• r •• triccion in cboiee of plant locatiou; ability to 

loc.t. near ore sup~ly as .leccricity eau be tran.~orted to the site 

ebeaply and .fficiantly. 

As already ..ationed, pla... furnace. have aehieved SOIIIe 

~rc~ sucee. in aael.tinl and r ... ~ting application.. Seme 

ca..arcial sueee.a has bean aehieved using plasma reaetors for 

pyrOMtal~urgicû proce.aing. Mintek bas recently ordered a 20~ 
.... ; 

hollow Iraphite éathode trU1s-ferrecl-arc reactor fram ASU of Sweden 

Î 
f 
! 
, 
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for che produccion of ferrochroae. Bethlehem Steel has used their 
.­

fal1~g-film reactor at powers up to l-MW for the production of 

steel and ferrovanadium. Gauvin and Choi (1983) have reported 

little difficulty in treating vanadium pentoxide in a transferred-

arc reactor with irou and carbon to produce a ferrovanadium 81.loy 

meeting the steel industry standards. 

The high meltina points and high frea-energy of formation 

charaeteristics of the refractory metals make them ideally suited 

for~roductiOU in pl .... reactors. 

The coaaercial feasibility of producing molybdanum by 

the plasma decompoaition of mo1ybdenum disulfide in a transferred-

arc reactor bas been demonstrated by Gauvin et al. (1981) of the 

Noranda Research Centre. They obtained a produc~~ontain1ng 0.085% 
.. 

sulphur which ia below the maximum sulphur of 0.15% demanded by the 

steel indust.4-y. 

Gauvin and Choi (1983) have investigated the production 

of zirconium and J;itanium via the dissociation of thair chlorides 

in a transferred-arc reactor. Ettingler et al. (1979) have raduced 

tUDgstan trioxide with hydrogen in a helium plasma jet with yi.lds 

as Mgh as 95%. 

As 18 evidenced by the limited commercial utilization 

of pl ..... in matallurgical proc •• sing. much work remains to p8 
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doue iD ehe ar.a. of pl.... ructor deaip ad iD adaptinl or 

modilyinl matallurgical proc..... to best take advanta.a of 

ch.rmal pl ..... many ~que characc.ri.tics. 

This .cudy iD 1ar .. part 1. a cOII.t1nuatiOll of eh. work 

doue by Mabaetoalu and GauviD (1983). Chai and Gauv1n (1982) and 

T.antr1%o8 and Gauvin. (1982), iD th.ir invascilaCiOll of th. 

electrical and .uerlY cran.fer characcariacics of aD arlOll and 

uitroleu tranaferred are. 

The .peeifie objective. of thi. study are: 

to sCudy the operatu. charaeCari.tie. of che Noranda -

Hydro-Qulbee ruccor iD parcieular. 

\ 
To study the e1eetric&! charaeceristic. of a 

. 
tran.ferr.d-arc: iD the pre.ence of a .urrouncl1.q sleeva 

\ 

partic1a. surroUDdiu. the arc. 

To study the .erlY transfenad !ra. the arc to th. 

varioua c~.l'U:. of the r.actor inc:ludinl th. 51e.ve. 

anod., eathode r_etor walls &1lCl roof. vith &Del without 

I-I particulat. injections. 

1 

ID a pr.11w1n ary vay. ta dateratDa the r.aetora 
1 

effieiency Ln tr..-f.rriDI enarC1 ta th. perticulate 

fa.d. 

) 
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It 1. important ta note that all parts of the reactor are 

coolaci in orcier ta _ .. ure uhe energy distribution within thé 
) 

raaetor. Thu., the meltins efficiency or the eff1ciency with 

1 vhieb eaargy 1s tranaferred ta the part1culate feeci t. expect.cl ta 

be web saallar than in an \meooled t 1nsula.ted reactor that woul.d 

be us.ci in coaaerc1al practice. It 18 plauneci ta de termine the true 

afficiency that woulcl be obtainecl in an inclus trial reactor in a 

furthar study wbich is saon ta be undertaken in the laboratory on . 
an uncoolad reactor wbieb will closely stmulate a commercial system. 

A gellera! description of the system œder study can be 

~r1zed a. follo .. : an arion or nitrogen plasma was struck 

becwen a tUDI.tan cathoda tip conta1ning 2% thorium and an anode 

~iatiDI of .,lte staal. The arc: was surrounded by a 

cylindrical sleeve over 1II08t of 1ts 1ensth. Steel powcler .s a 

801id f_d wa. j.Djacted with a carrier sas tang811t1al1y Along the 

1DDar surfaca of the .laave at the .... level as the cathode tip. 

Tbe injectad powdar va. malteci UDder tha effect of the intanse 

radiation froa tha arc and formaci a fila, a10na the innar surface 

of tha .laava. Tha .,leall film f),owed clown tha sleeve anci than 

drippeci into the aoltes1 bath at the bottOIR of the reaetor, wbieh 

fUDCtiOlle4 .. _ anocle. A IIOra detailad de.cription of the 



77 

operatina procedure al.oui rith the .... ur~t8 takan durina the 

expertDents will be pr •• ented iD the !zpertmental Procedure. 

Section. 

APPARATUS 

The apparatus u.ed in thi. study i. shown schematically 

in Pigure lA. A photo of the entire system ia shown 111 Figure 3B. 

~t consistad of the followina separate units: 

1. Power Supply 

2. Riah-Frequeucy Starter 

3. Gas and Water Flow Instrumentation 

( 4. Cathode Assably 

S. "actor Ves.el 

6 • Povde~ F.eder. 

\ 

1. Power Supply 

The power ... supp11ed by a 60-kW rectifier 0t111er 

Welcler Kodsl SaS-1500r 1). The input voltqe vu 3-pha.e. 60-

c.p ••• , S7S-volt while the output circuit could provids 400 volt • 
. 

ta open circuit. The rectifier va. squipped vith a remote cODtrol, 

'" wh1.ch coata1Ded a c:urreat replater li _cer ancl voltmeter • 

.... 

~ 

1 
1 
1 
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FIGURE 3A 

SClŒKATIC DIAGRAM OF 

_ TB! OVE1W.L SYSTEM 
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2. Blih-Frequency Starter 

The High-Prequency Starter used vas a Miller Welder HF-15-1. 

The input vo1tase va. 115 volts and the maximum current throughput vas 

500 amperea. The unit was connected in series with the direct-current 

circuit from the rectifier ta the reactor. A remote sw1tch vas used 

ta activate the unit ta ign1te the plasma arc. 

3. Gas and \later Flov Instrumentation 

Arlon S&8, wi th a purity of 99. 996% and nitrogen gas t wi th 

• p~ty of 99.991% were .upp1ied fram gas cy1:f.nders and regulated 

by ewo-staSe pres.ure regu1ators. The outlet pressure was mainta:f.ned 

at a con.tant val.ue of 300 kPa. The f10w was lIleasured with Wallace 

and Tier.aan calibrated rotametera. 

W4ter for cooling th. reactor was supplied at 310 kPa and 

the f10w waa reaulated by four Brooks water rotametera. 

4. Cathode u • ...,1y 

" 

The cathode assembly design 1s based on tbe Sheer et al. 

(1973) ''Pluid C011vective Cathode" design. The design 18 simi1ar to 
ij 

tbat used by Me~toglu (1980), Choi (1981) and Tsantrizos (1981) 

et HcG11l University, and by Gauv1.n et al. (1981) at the Noranda 

aa ... rch Centre. 
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The cathode assembly, shown in Figure 4, was comprised 

essentially of a water-cooled conical tungsten 2i. thorium cathode 

tip surrounded by a water-cooled concentric sheath nozzle, through 

which the plasma gas (argon or nitrogen) was introduced. !WO 

different nozzle orifice diameters of Q.75 and 1.0 cm were used. 

The cathode tip protruded slightly out of the nozzle to facilitate 

arc ignition. The cathode assembly was attached to a threaded rod 

which was connected to a motor. Rotation" of the threaded rod 

permitted accurate positioning of the cathode assembly in its axial 

position. The motor was operated with a precision speed controller 

and a forward, stop and reverse switch. 

5. Reactor Vessel 

A schema tic of the complete reactor assembly vessel is 

shown in Figure 5. The reactor chamber consisted of a water-cooled 

18.3-cm 1.D. 316 stain1ess steel hollow shell 9. cm in height. The 

top consisted of a O.64-cm thick water-cooled plate from which was 

suspended a S.74-cm I.D. l2-cm long water-cooled cylindrical sleeve 

or jacket. The whole structure rested on a base constructed of 

O.64-cm thick copper. A 7.62-cm O.D. copper anode WQS lead-soldered 

to the centre of the copper base. The anode was cooled from below 

by a jet of water impinging on its lower surface. The base, with 

the exception of the anode surface, was covered with a layer of 

magnesite (MgO). 
1 
1 
i 
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FIGURE 4 

CATHODE ASSEMBLY 

. 
• 
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FI:GUU 5 

llEAC'tOR VESSEL 
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The upper op.ning of the sleeve was covered by a ceraaic 

disk. made of Aremcolox 502-600 mach:ineable ceramic. An opening at 

the cencer permitted the entry of the cathode asaembly. Above the 

---ceruu.c. a phenolic ring inaulator was used to position the cathode 

asaàlbly precis.ly and also ta eleccrically isolate the cathode 

assembly froœ the rest of the reactor. 

Asbestos-based gasket rings O. 32-(3 th~ck vere uaed as 
l 

seals, and also .erved a8 electrical and chermal insulators at each 

flange. the top of che reactor vas secured to the reactor cyliDdr1cal 

body by .. ans of e1gbt 0.9S-cm tbick bolts suspended on teflon washers 

in order to ensure that the bolts vere not in electrical contact vith 

the top flanse. The reactor shell was secured to the reactor base by 

IMans of six Claapl, each capable of exerciDs a force of 2670 N. The 

UIIe of che.e clamps pemitted e .. y and quick acceas to the interior 

of the ractor. 

The 1" effluent wu uhauated froll the reactor by vay of 

three 2.S4-ca 0.0. 316 stainle .. ateel tub •• on the roof of the 

r.actor. The gu-eonveyed solid feed material vas fad tangentially 

alOllI the iDner surface of the sleev. throulh a O. 64-em 0.0. x 

0.048 aa I.D. 316 stainleas ateel tube. The tube entered the sleeva 

2.S-aa belov ies ~pper extradty. 
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6. Povder F •• der 
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) 

For lev faed rate. 7 below 60 8/111ÏD a povdar fe.cier bullt 

by'Pl.- Arco. S.A., in Bel,i\lll. wu usaci. In this feeder, the 

powder vu introduced inca the carrier gas stre .. by a rocacing 

d.1sk a show in Figure 6. Tha feeci rate could be adjuated by 

varying tha disk rotation spa.d. 

For h~gher feed ratea, • serew feader va. used. le 

eou1sted of a l4-cm square pl:exiaJ.as. hoppar through wbieh pas.d 

• 2.S-cm aerev. At the end of the acrew tha partiele. entered the 

carrier ,U stre .. wh1.ch p .... d over the end of the serew 

perpenciicularly. The aerev wu powered by a variable-spaed lIOtor. 

Tha fe.d rata could be adjust.d by cbanlina the .cra. rotation 

spaaci fram 25 to 36 q/h. 

1. lfea8UreM!lta of Are VOlt.a anci Arc Geoeetry 

In arder to understand the electrical'charaeceriatica of 

the trllll.afarred-.re pla ... , tbe total are voltage waa mea.ured as a 

funet10n of var~oua operat1D, parameters Wh1ch vere in this cu. the 

arc curent, the arc lenlth. the plaCJnu.gll1 la. flow rate, ehe nozzle 

a~try. the taDaential fe.d ,U flow rate. the partiel. faed rate .-

~ 

\. 
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acl the part1c1e .:l.ze. Accuraee vo1tase .... ur ... t. w.re macle by 

cOiID.aceiDl tbe 1eada to eba cathode and. cho.. eo the shwt, to a 

pred.ion vol.tmeter (nuka Model 80248 Mult1macer) and a strip 

chatt recorcler ~l..tt Pacbrd 7402A). the poa1tive lud v_ 
coDDactecl to the \ .mmt in order to euaure tbat lt ".. At ,round 

potelleial, to avo~cl claaap to the recorcler. A conece1on h~ to 
,\ 

he app1iecl for the voltale drop b.tveen the shunt ad the anode. 

the r.sistaDce of the el.ceric:al ccmnece10n becveen the shunt and 

the &DOde na .... ur.d to b. 7.8 x 10-4 obma. Therefore at' 200 

..,.re. the correcti.on va. 0.16 ~lt and 0.31 volt at 400 aap.re •. 

the arc currllllt vas .. uur.cl via the , ... vo1tlDeter and strip 

chart recorcl.r COlmected to a .hunt vhich wu cOmlected in serie. 

vith the arc. The readinl Accurac:y of th. arc CU1'1'ent and vdlta,e 

wre :t2 A and, tO.S V, resp.ctively. 

To cletena:l.ne the effect of the operat:l.na conditions on 

the luainous pl.- profUe, still photographs 0 f the pl .... 

_re eakau uain, a 35_ N:I.kon 1-3 caera with a SS-mm Macro leus. 

A weld1D1 type fUter Wal uaed to reduc. the 11ght 1ntenaity of the 

arc. A 400 ASA fUa vu ua.cl with an expoaure t:l.me of 1/250 second 

at 1-22. 

2. Calon-tric Keahr..-nts 

The frace1011 of the input arc power tranaferred to the 

1110., cathode tip, armular catbocle nozzle'. 1 reac:t:or .hell and roof 

\ 
\ 
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rat .. and .atar taaperatura ri •• for .. ch .ecti.on. 'ive IrOUDded 

l-typa thenllOcoup1_ (3.175 .. O.D.) vera und for ~urinl vatar 

t..,.ratura. AIl adcli.t1~ thermocouple of the ... typa va. used 

for .... uriDa 'u t.-peratura. The tharmocoupla. wera ccnmactad ta 

a clili.tal te.perature _tar (Sy.cOll , 5200 kc) through a 6-point 

rotary .e1ector. The preci.s1on of the taaperature _ter wu ±S·C. 

J'our .eparately calJ.bratad rot ... terl vare used for obta1ninl coolant 

flov rata.. Typ1ca1 flov rata. for th. cathode tip and nozzle ware 

1 L/ain; for tha fa1liua-f1la Il_v.: 6 L/TAin; for the raactor 

.hall and roof: 2 L/1I1n; aud for the anoda:. 3 L/1Il1n. the readinl 

aceuracy of eh. f10w rate ~ 0.025 L/min for the cathode nozz1e; 

0.1 L/wdn for the falliDI-f1la sleeva; 0.1 L/min for the r.actor 

shall ad roof ad 0.1 L/1dD for tha mode. 

III th11 .. ction, the procadur.. iuvolved iD operatina 

the ezperi ... u:al apparatua and 1nat11aeDta descr1bed in the> previoua 

MCÙOIW are exp1aizlea. Inc1ud.ed iD thiA •• ct1on are .tart-up, 

lhut-don.md operat:1011 of tha tranafatted .. arc:, _esurement of 

Oftrall anerlY diltr1.bution and ealibrat101l of the povcler fe.der ~ 



( 

89 

Arc Start-up p Shu~-dOWl1 and Operation 

Before the arc was initiated. preparation of the 

electrodea was perfot"/llAd. The anode surface was polished and 

cleausd with acetone. The cathode tip was cleaned vith a fine 

abl'uive paper and sharpened when necessary with a file. The 

aaode steel disk was cleaned with a fine abrasive paper, veilbed 

and its thickness measured before beinl placed on the permanent 

copper anode. The reactol' shell and sleeve assembly were then 

position.d and secured in place by means of the six clamps 

pl'ovided for this purpos.. Al! electrical, v.ter and las connec­

tions were made and checud. AlI rires connectinl the instruments 

ta the reactor vere di.connected and the instruments themselves 

unpluiged from the wall electric&! outlets in arder ta prevent 

any posaibility of damale to the ~ent8 by the use of the 

hiah-frequency generator. The cooling vater supplies to the 

cathode and nozzle, sleeve, reactor shell and roof and anode wers 

turne<! on and the ddired flo~ rates were set and recorded. The 

vatel' tamperature vas noted. The cathode tip was lovered to a 

position of about 5 .. fl'Olll the anode surface by lIleans of the motor 

cca.troller. The arion flow rate to the cathode wu adjusted to 

14 L/min. The hilh-frequency lenerator vas turned ca. to check 

el.ctroeSe aligDlle11t and spark leueration. The power to the 

electroeSea was then turned on, and the electrode voltage vas 

cbecked in order ta ea.ure that it was at th_ open-circuit volta._ 

1 . 
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in arder ta verify that there vas no short-circuits in the reactor 

or in any of the electrieal connections. Finally, the high-

frequency generator was activated, igniting the arc. 

After the arc vas formed t the cathode assembly was raised 

immediately to prevent deterioratian of the cathode tip and nozzle 

beeause of s'Puttering of m.olteu steel from. the anode surface. All 

instruments were then reeonnected and turned on. Thau che arc 

length, the argon flow rate and the current were readjusted to the 

desired values. 

The arc va. run at the preset arc length and current for 

between 10 and 15 1IliDut •• until the arc voltages and aU cooling 

watar tamperatures ruehed stable values. The arc conditions could 

than be ra.et and naw readings taken. 

Whan fa.ding powered solids, che reactor was shut down 

and cleaned befora proe •• ding to a new solids feed rate, in order 

to daundne what propo~1on of the feed vas malted t.mder the 

conditiaaa te.ted. 

Ta .hut -dovn th., reae tor, the main pover was first 

svitched off. Al! COCU.Dg weer lines vere left runn.il1g for a 

n""'r of 1Il1nutes follow1..n1 the power shut-down in order to permit 

the r.actor and especial~y the solidified steel charge at the 

mode to cool. 

. . 
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2. Measuruaents of Overall EneriY Distribution 

The fract:f.ons of the input arc paver transfer'I'ed to the 

cathode and cathode nozzle, fall:f.ng-film deeve, reactor shell and 

roof. and f:f.nally ta tbe anode were determined by calorimet'I'ic 

measurements. Before the arc vas struck, the coo1ing water ta 

the cathode and cathode no%zle. falling-film sleeve, reactor shell 

and roof. and anode was al.lowed to l'un until steady temperatures 

vere reached. Approximatel.y fifteen minutes were requ~red ta reach 

this stage. The water f10w rates to the cathode and ca chode noule 

(one w.ter circuit) were 1.0 L/min. to the reaetor shell-and roof 

(one water c:f.rcuit) 2.4 L/m:f.n. The vater flow rate ta the falling-

film sleeve was var:f.ed between 5 and 8 L/min, and to the anode was 

var:f.ed between 2 and 8 L/m:l.n. depending on the operating cond:f.tions. 

Th. arc wa. then established and a number of different exper:f.ments 

vere conducted. 

In the fi.rst experiments. using tbe 1.0 cm cathode nozzle. 

the arc current vas varied systemacicaiLly at a given arc 1ength, 

wbile the coolant outlet temperatures were. measured. In a maj ority 

of expe'I'imental TUDS, arc currents of 100 to 400 amperes and arc 

lengchs of l, 2, 4, 8. Il and 16 centimet'I'es were used. These 

axper1ments were repeated using steel anode disk.s of two different 

thicknesses, 1.3 cm and 3.0 cm respecti vely, thus resul ting in two 

differant distances between the anode surface and the base of the 

fall:f.ng-film deeve. 
( 
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A se1ected number of measurements were repeated using 

the smaller cathode (O. 7S cm). Final1y 1 for a fixed arc 1ength 

and current, the plasma gas flow rat. was varied in order to 

determine its effect on plasma c.haraeteristics and heat transfer 

to the various parts of the reactors. The arc current tended ta 

drift slightly during a given run, so that frequent readjustment 

of the current was required. The arc was run at a given condition 

for at least ten minutes to obtain a steady temperature of the 

coolant. with the anode coolant tempe rature being the slowest ta 

respond. The temperature r1ses between the inlet and out1et where 

<10°C for the cathode and cathode tip, <15°C for the reaetor she1l 

and roof and <25 Oc for the anode and falling-film sleeve. The 

experimental data were collected continuous1y w1thout extinguishing 

the arc because of the time that would othervise be consumed in 

opening the reae tor and changing the anode disk. 

In a second series of experiments, the arc was f1xed at 

16 cm and argon as carrier gas was injected tangentially into the 

reactor along the iooer surface of the falling-film sleeve. tts 

effect on the arc characteristics and heat transfer to the various 

eomponents of the reaetor was measured. In the final sets of runs, 

steel powder was introduced alang with the carrier gas and the 

experimental measurements repeated. 

f • 
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3. Powder Feeder Calibration 

In order to calibrate the powder feeders, the flexible 

tubing connecting the feeders ta the reactor was disconnected and 

the feed was allowed ta dis charge into a beaker, which was eovered 

with a cloth held in place with a rubber band. The gas flow rate 

through the feeder was set to the desired rate. The feeder motor 

was started, and its speed setting was noted. The particulate feed 

was collected in the beaker for a measured period of time chen 

weighed, y1elding the feed rate for the particular motor speed used. 

RESULTS AND DISCUSSION 

the results of the experimental work in an open arc 

system are presented and discussed in this section. Phenomenologieal 

observations of the arc and of the electrodes are presented first. 

the arc voltage dependencies and averall energy distribution within 

the reactor are next shown as a function of a number of parameters. 

including arc length, arc current, axial and tangential gas flow 

rates and particulate feed rate and size. The melting efficiency. 

or the efficiency with which the arc energy is transferred ta the 

particulate feed 1s also shown. 
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The reac~or, as it has been described, had some equipment 

limita~ions which ~posed some restrictions on the operation of the 

plasma reaetor and prevented a more extensive and detailed study, 

in the limited time available. Suggestions for S01D8 equipment 

modifications will be given in a later section. 

... 

1. Phenomenologieal Observations 

Figure 7 shovs photographs of the plasma arc column at 

various operacing conditions. The maximum arc length shown 1s 

4 cm as the sLeeve pravented vieving the fraction of the arc above 

4 cm in length. The luminous region represents the current­

conducting arc regioc in an approximate way. As the current 

increases for a given arc length, the diameter and luminosity of 

the plasma coLumn boch iocrease, as does the diameter of the molten "-

pool. 

/ 

Stable arc operation, as indicated by the lack of 

current and voltage fluctuations, vere obcained under specific 

operating conditions. The argon arc was stable for currenes as 

lov as 100 amperes to 11 cm and as lov as 150 amperes to 16 cm. 

At arc lengths of 16 cm, (maximum arc length possible in the 

reactor), the arc vas operaced aC currents up to 300 amperes. 

Rec~if1er 1il1litatioa.s prevented the current from being increased 

subs~ant1a.lly beyond chis point. At current above 250 A, the 
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FIGURE 7 

PBOTOGRAPIIS OF tHE TBANSFERRED-ARC pflSMA 

IAlenci 

No. l 2 CIl, 100 A, 14 L/min Argon 

No. 2 2 CIl, 220 A, 14 L/1Ilin Argon 

Mo. l 2 cm, 300 A, 14 L/1Ilin Argon 

Mo. 4 4 CIl, 200 A, 14 L/min Argon 

No. S 4 cm, 200 A, 20 L/1Ilin Argon 

Mo. 6 4 cm. 200 A. 30 L/min Argon 
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arc tended ta bend to Olle .ide. This could have caused severe 

damale to the sleeva. Tanleuti.al lU injection tended ta stabUize 

the arc, but could not fully .traightau the arc. As the current 

wu incr .... d, the plaSll&aen las entha..lpy, hence 1t. tamperature 

WaJI increa.ed, resultiDa in a bigher velocity. Also the Maecker 

effeet becomes more important, result:ing in a greater amount of 

gas being entrained 111to the arc at the cathode tip. Any alignment 

errora of the cathode tip, at th. center of the ~ozzle would result 

in a dev:l.ation of the flow ta one side. This effect would be 

ex&lIerated Vith incre .. ed arc current beeause of the higher aas 

te.peratur.s and bec.ua. of the extra aas aspirated by the Maeeker 

effect, thus causing the arc d.v1ation to one side ta inere.se with 

arc current. 

The probla of arc devi,atiOll vu a1.0 lIOre .er1o~ when a 

~ler c:athocle l1ozz1e v.. used t as auy error in cathode alilDMDt 

would be proportionally araatar. 

P'inally t operation vith a cold reac:tor tended to be le •• 

stable thaD operatiaD atter an initial warm-up period~ As the arc 

... leDlthened G1d wu ezpond to the cold inDer-surface of the 

sl .. ve, the arc tended ta beco.e les. stable. After a couple of 

lliDut .. , the arc st:abil1ty 1ncreased and the arc voltaae would drop 

by 2 ta 8 volts t 4epend.1.na on arc lenath and current. 

-
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The uae of nitrolen u the pluulen las rhulted in an 

arc column of much ... Uer diameter, and iD IIlUch higher arc voltag.s. 

Operation at arc lengths of less than 6 cm resulted in severe damage 

ta the cathode tip and nozzle as a result of the eputtering of moleen 

tron fre. the anode surface. At lonler arc lengths, the arc stability 

vas similar to that of argon arcs. 

The &Dode consisted of an trou disk placed upon a water­

cooled copper anode. A pool of œolten iron would fOrll in the center 

of the disk. Th. s1%e of pool vas directly proportional to the arc 

currat. 

At arc ildtiatiou, the arc root on the surfâce of the 

iron d1e1t vas not stable, œov1ng randOllÙ.y, until a IDOlten poei had 

formed. At chis point the arc root vould becOlH fixed to the 

surface of the ~lta pool. Bafore the pool vas formed, the arc 

cunat would take a nUilber of different patlw through the irou 

tisk before _tarina the copper anode. Once the pool vas formed, 

eatablishina direct contact throuah the disAt vith the upper aDode, 

the cunea.t proceecled throuah the 1II01ten pool, directly to the 

surface of the copper mode. 

With t_aatial ,as injectiOD, it waa pos.ible ta sustain 

the traaferred arc: vith no axial ,a. injection. Arc: stabllity 

appeared ta be superior C:OIIPared to operation vith axial Su only t 

and arc: volta.e .... coaparable. 
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When feeding part1culate. into the re.ctor, 1t vaa 

Urpoaa1ble to vi." the arc. For the fint 30 .econda to oue lIlinuce 

of feedins, the arc tended ta be unscabl., but the stabil1cy of tbe 

arc incr .... d w1cb feedins Cime and vas relacively stable after oue 

DliDute of bedina. The l'articles 1njected tClautially aloui the 

iDnar surface of the eleeve vere _lt.d by the arc and de~ted on 

the sleev. surface ta form a fall1ng film. It was possible ta 

freeze the falling fila in place (since the sleeve vas cooled) by 

sbuccing off the arc power and the powder feed at the same time. 

le vas thU8 po •• ible ta ob .. rv. that the fall1ng f:ll.m coated the 

sleeva in a relatively uniform manner below the level of the feed 

port and that 1t. th1cltn ••• wu between 1 and 4 ID. 

2. Total Arc Volta,e ~ No Particulate reed 

By uaui the exper1mental procedure de.cd.bed previously, 

thIl effects of the arc: currant (!), the arc langth (!.), the axial 

pa flow rate (~, the tang811t1&1 au flov rate CF tl) and the 

DOzzle di ... ter (cl ) on the total arc voltase vere etud1ed. All 
.....!!. 

the _ .. ur~ts are tabulated in Append1x A. The arc voltage 1. 

ploee.d as a funct10n of the arc length up to 300 -.pere. in Flaure 

8. The arc 'VOltag. 18 replott.d as a function of arc current up 

to 16 ca of arc lensth in Figure 9. Th. effects of argon axial 

flow rate are lbovn in Ftaure 10, and those of argOD tmg.nt1&1 

flov rate are lbown in Fiaure 11. Not anouah data vere obtained ta 

, \ 
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lIGtJU 9 

( A.I.C VOLtAGE VARIAtION WITH ARC CUlUlEN't 

( 
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P'IGUU 10 

ARC VOLTAGE VAlUATION WITR 

AB.GON AXIAL FLOW RATE 
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FIGyp.ll 

ARC VOLTAGE VARIATION WITH 

ARGON TANGENTIAL GAS FLOW RATE 
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reproduce the same plots for nitrogen gas. Tsan~r1zos and Gauvin 

(1982) have shown that: nitrogen is a.ffected in the Saule way as 

argon by the above parameters excepc that che arc voltage is 

approximately double in all cases. This was conf irmed in the 

presenc study. The measureme.nts for nitrogen are tabula~ed in 

Appencil.x B. 

As Ls evident fram Flgures 8 and 9, the arc vol tage 

increases signif1cantly wich an increase in arc length. This was 

expected as che gas resistance is a.!most directly proportl.onal tO 

the arc length. This was demonstrated by Choi and Gauv1.n (1982). 

The effect of che arc current on che arc voltage 15 relat1vely 

minaI', as indicated in Figure 9 The main reason for the latter 

effect 15 the fact that the ele~trical conductivl. ty of argon at 

temperatures above 10 000 K 1.5 almost constant. Chai and Gauvin 

(1982) demonstrated chat the tsperature of an argon plasma above 

250 DlPer~s 15 consiscently above 10 000 K. The arc vol cages 

aaeaaured were comparable to chose, reponed by these authors, 

uaing a soUd water-cooled copper anode, indicating that lutie or 

no iron vapour was penetrating the arc column. 

The effect on the axial gas flow rate 1s to J.n.C rease che 

arc voltage (Figure 8). Mebmetoglu and Gauvin (1983) showed chat 

the gas velocity past the cathode tip was respons ible for the 

voltage change and not the f10w race as such. Choi and Gauvin (1982) 
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• 
showed thac the effect of the axial gas flov rate on the arc volcage . 
increased with decreasing nozzle diamecer. The much higher inlet 

axial gas veloc.ic1es obcained w1.th a smaller nozzle cause the arc 

to conscricc, w1.ch a resulting decrease in the conducting cr098-

section. 

The ef fect of increasing the tangential gas flov rate 1s to 

scabilize che arc and thus decrease its voltage by 5 to 7 volts. The 

(Figure 9) vortex creaced by the tangential gas establishes a pressure 

gradient tJb.1ch i5 everyvhere centrally-direcced and forces the column 

to remain on the cylinder axis. The tangentially-injected gas also 

serves to create a region surrounding the arc conta:ining relatively 

cool gas tJb.1ch further prevents the arc fram moving off ies axis and 

thus furcher help" to scabllize the arc. 

Injection of nitrogen as tangential gas around an argon 

arc resulcs 1n an arc voltage uerease of approximacely 50 volts. 

A portion of the le .. eonducting nitrogen tangential gas i9 probably 

upirated into the arc column as a result of the Maecker effect. 

The effeet of noule d1.ameter i5 shown in Figures 8, 9 and 

10. The arc voltage 1. sign1ficantly increased when a smaller nozzle 

is uaed. The arc voltase iocreaHs because the higher axial gas 

veloeity reduces che conducting cross-section &s has been reported 

in an earlier section. 
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The arc voltage for zero arc ~ength, which i5 equivalent 

to the !UIIl of the anode and cathode fù.ls, 1s obtaioed by extrapolat1.ng 

the total a.rc voltage ta zero arc length (Figure 8). The 2:ero arc 

voleage for argon is almost: lndependent of arc current and 1s about 

8 to 11 vo~ts, lIhich agrees weIl with previous results (Choi and Gauvin, 

1982; Goldman, 1961). The total arc voltage for zero arc length could 

not be estimated for a nitrogen plasma because of the lack of data at 

short arc lengths. Tsantrizos and Gauvin (1982) measured a total 

electrode fall voltage for a nitrogen arc of 15 to 20 volts. 

The sleeve surrounding the arc over a portion of lts full 

1ength does not have an effeet on the arc voltages. Tests conducted 

in which the proportion of the cotaI arc length surrounded by the 

sIeeve wu varled (by varying the dista.nce separating the base of the 

sleeve and the anode disk) had si.milar total arc voltages, a1: the 

Saille arc lengtha and currents. 

3. Total Â.rc Vo~ tage W'ith Part:1.c:ulate Feed 

The tangential introduction of a particulate feed along 

the inner surface of tbe sleeve resulted in an loerease in arc voltage. 

The results 10 an argon a1:D1ollphere at 200 amperes and 300 amperes are 

plotted on Figure 12. The results for all tests areWlti5ted in Table 1. 

Tests were performad for feed races rang:1.ng fram 0.75 kg/h to 35.6 

kg/b. The arc vo~tage iDc:reaaed very rapidly with particulate feed 
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FIGURE 12 

ARC VOLTAGE VARIATION WITH 

PAllnCULAT! FEED UIE 
" 
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~ 0 01= 2.00 A 
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TABLE l 

yARTICULATE MELTING_RESULTS (R. = 16 cm) 

/ , -------- ---- , 
F 

V Pcv' I) P
R 

F F d MELTED EXHAUST P IF P t MELTED 
TEST tg 1 t P pt P t P 

L/min volts amps kW kW % kg/h kg ].Jm % % kWh/kg kWh/kg 

12 30 62.2 200 12.4 12.1 97.0 0.75 75-88 100 16.5 16.5 

12 30 65.8 200 13.6 1.4 75-88 100 9.6 9.6 
13 20.5 59.9 200 12.0 12.4 103.3 '0.66 75-88 100 18.8 18.8 

13 20.5 63.5 200 12.7 12.5 98.4 1.3 75-88 100 9.8 9.8 

13 20.5 65.9 200 13.2 12.6 95.3 2.3 75-88 100 5.7 5.7 

13 20.5 69.5 200 13.9 12.0 86.1 3.7 75-88 100 3.8 3.8 , .... 
14 20.5 65.9 300 19.8 18.7 94.7 3.7 75-88 100 5.1 5.1 
15 20.5 67.8 300 20.3 19.0 93.4 1.3 75-88 100 15.6 15.6 

18 12 12 200 14.4 7.8 54.2 24.9 0.81 75-88 41 0.58 1.4 
22 12 72 200 14.4 10.5 72.7 24.9 1. 97 75-88 55 0.1 0.58 1.1 

, 2255* 12 72 200 14.4 10.5 72.7 24.9 1. 97 75-88 64 0.1 0.5.8 0.91 

30 12 72 200 14.4 11.4 79.4 28.4 1. 55 149-177 jO 0.03 0.51 1.01 
c

27 20.5 70 200 14.0 9.5 67.9 35.6 1. 73 63-88 32 0.39 1.2 

21 12 80 300 24.0 18.6 77 .5 24.9 1.63 75-88 80 0.96 1.2 
23** 12 152 200 30.4 23.7 78.0 22.6 0.75 75-88 80 1. 35 1.1 

25** 12 150 300 45.0 76.2 0.19 63-88 0.04 0.59 

* Value corrected to reflect steady state operation. 

**N2 Rtmosphere, aIl other tests in Ar atmosphere. 
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rat., at low feld rates. No aclclitioual incra_. in volta •• w .. 

ob •• rved at higber feed rates (above 6 ta 10 ka/h). The maximum 

voltaae inerease for an argOl!. arc at 200 _pere. wu 30 volts. At 

300 "pIres it was 25 volt.. For a n1trog8ll arc at 200 emper •• the 

tucre .. e was 20 volts. 

The particulate sue clid not bave &11 efflct on the arc 

volta.e t wh1le iner ... ing taugeutial flow rate dU lover th. volta.e 

1l11htly ccs.e Table I). 

The voltaae incr ... ! tri.tb particulat. injection 18 

probably a re.ult of a sma.ll amoWlt of che f •• d enterai th. arc 

eoluan. The feed is lIO.t 11kely aspirated into tbe low-pr ••• ure 

reaion of the arc exining n.ar th. cathode tip (Maeck.er effect). 

tha voltase increa.ed as a result of th. quenc:h1ua effect oeeurrinl 

whaD tbe partiele. ent.racl tbe ~rc colu.D. lt ia inter •• t1n& to ... 

DOt. that only a ..al! proport1OD i. allowed to ent.r, b.yODd which 

DO voltase iller .... re.ultin, frOll additional particle. 18 ob.anad. 

Tba fact that a portion of the tUlutial ,a. str ... enter. the are 

colu.1 bal beau d..m.trated in a prlvious saction. 

4. Overall EulrR Diatributiou - No Particul.ata Faac:l 

TM fraet1.oua of tbe total are power traud*rnd co tbl 

varioua .aetion. of chI raac:tor WIIrl .... ured. W of tb ..... ur.-

MIlt. are cabulat.d in Appeucüx A for aD arlou a~.pbere IIDcl 
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Appanciîx B for a n~troaen atuloephere. Figures 13 and 14 show the 

fractions of the total arc power transferrad to the anode (P ), the a -
reactor wall and roof (P ). tha reactor sleeve (P ), the cathode w s 

tip (P ) and the sum of the cathode tip and nozzle (P ) • The 
e cn 

results shown in Figures 13 anci 14 vere talten for the saute operating 

conditions, with the exception that tbe distance separatina the bas. 

of the sleeve and the anode surface (iron disk). (1 ) was 3.5 cm 
sa 

in Figure 13 and 5.3 cm in Figure 14. In both cases. the fraction 

of the arcs anerlY transferred to the anode; cathode and cathode 

nozzle tencied to decre .. e vith inereasina are length. For short arc 

1ength Choi and Gauvin (1982) \Jaug a .olid coppar anocie reported 

Iliahtly higher values for the heat transferrad to the anode. Le •• 

enerlY was abeorbeci by the liquid 1ron anode used, because a higher 

fraction of the arc radiation reachina the anode surface was refl.cted 

and becauae a su.l.l ..aunt of the energy may have beau rlIDIOVed by 

the evaparatian of the 1roo and therefore. not absorbed by the anode. 

The fraction of anerlY tran.ferred to the anode ciecreasad 

vith increas1n1 arc 1anath ezcept wben the cathode tip was near the 

base of tha sleave (arc leuacha of 3.5 cm for Figure 14 and 5.3 

for Filure 13). ln thi. r.,iou the function of the total arc 

cerlY tr.sferred to the Docie ceu.ci to d.cre.se and actual1y 

1Dcr .... d .~anificaDtly. ovina to a -.aller enargy di •• ipation tbrouah 

radiation resultinl frOll a sborter pl .... co1u.l. 

1 

1 
j 
l 

• 

1 
j 
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FlGUI.E 13 

P!IlCENT POWEll DISTRIBUTION AS A 

ro.:TION or Alle LENG'IB 
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F'IGtJB.E 14 

P!B.CENT POWER DISTRIBUTION AS A 

FONCTION OF ARC LENG'tB 
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The overall trend of decreasing energy transfer to the 

anode with increasing arc length results from a greater portion 

of the arc energy being radiated by ~he increasingly longer arc 

Chenee higher arc voltage) to the walls and sleeve of the reactor. 

The fract~on of the arc's energy transferred to the anode 

was consistencly higher when the distance separating the base of 

the sleeve and the anode surface (~ ) was greater 
sa 

(See Figures 

11 and 12.) The sleeve be~ng coolad probably acted as a heat sink 

Thus the closer it is sltuated ta the anode surface the more radiant 

energy from the anode surface 1s absorbed. Also for equivalent arc 

lengths the sleeve whose length extended nearest to the anode surface 

would have surrounded the arc over a greater fraction of its length, 

thus absorbing more radiant and convectlve energy otherwise destlned 

for the anode. 

The fraction of the arc energy absorbed by the reactor wal~s 

and roof CP ) increased with lnç~sing arc lengths, as the lumiQeus 
YI 

arc column was lengthened, until a portion of the arc began ta be 

shielded by the sleeve. As the ar~s length was increased further, a 

greater por~ion of the arc was confined within the sleeve and the 

propor~ion of the energy transferred ta the wall and roof dimin~shed. 

n , 
The propor~~on of the arcs energy transferred ta the 

cathode tip and cathode nozzle d~inished w~th increaslng arc length 

and represented only 6% of the total arc energy for arc leQgths of 16 cm. 
/' 

,. 

• 
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Figure lS 1.5 a p lot of the power dlst ributl.on :..n ot\ol for 

varying arc lengths At constant ar: currents, the ?OVer t:-ansferred 

ta the anode (P ) and the ?ower transferred ta the :-eac tor wall and 
a 

roof (? ) did not change when the arc J..ength was l.ncreased beyond 6 
loi 

or 8 cm. In comparison. the slope of 1 P ) :'5 a.l.most :onstant, s' 

increasing over the entlre r-ange ::Ji ar: _engths. and the s:'ope of 

(P ) remaining ;:onstant at zero over all arc iengths 
en 

At a f~ed 

arc length, the fractlon of the arc 5 energy transferred ta the anode 

i5 essentlally constant Fl.gure 16) As tne total arc power lS 

increased vith increasl.ng arc ;:urrent for a fixed ar;: length, the 

actual power transferred to the anode also l.ncreases (Figure 17) 

This also loS val1.d for other sections ::;f the reactor 

The varlat~on 1n the power dlstr1..butlon for a nltrogen 

plasma (Appendix B) ~th arc 1ength and arc curTent 15 5~ilar ta 

that for an argon arc The fraction of the nitrogen arc's pove!" 

transferred ta the anode (P ) was cons15tently higher (5: ta 15:) 
a 

than for an argon arc, while the fract10n transferred to the sleeve 

CP ) and the cathode and nozzle (P ) was con51.stently lower by 10% 
s ~ 

ta 20% for the sleeve and 2% to 5: for the :athode and nozzle The 

fractions transferred ta the reactor wall and roof were comparable 

Recause of the n~trogen arc s h~gher voltage at the same 

cond~tious as that of an argon arc the total power tr~ferred ta 

a11 portions of the reactor i5 much h~gher for a Ql.trogen arc 
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FIGURE 15 

ACTUAL POWER 0 ISTRIBUTION 

WlTH V ARYING ARC LENGTH 
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FIGURE 16 

F1lACTION OF POWER !RA..~SFElUtED TC T'HE ANODE 

WITR VARYING ARC CUlUlENT 
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FlGUaE 17 

ACTUAL POWER. TRANSFERRED Ta THE ANODE 

WITB V ARYING AllC ClJlUlENT 
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Thu a re.ctor oparatina vith a nitro.gen plasmaaen gas would be more 

pawerful than a eoaparable reaetor oparating ~th argon. 

The fraction of the total arels power transferrad to the 

amaut Sas stre .. was in a11 instances lass chan 1% when no 

partieulate feeding was caking place, and thus was not eonsidered 

in the preeeding analyais. 

5. Over.al.l En.raI Distribution with Partieulate Feed 

One of the malt important results, as has already been 

mentionad, of introducing a particulate feed cangentially into tne 

reaetor sleeve i5 the signifieant ioerease io arc vol tage and thus in 

the total arc power. This inerease in arc voltage oecurs even at very 

low feed rates. As the arc power iocreases as a result of the voltage 

inerease, the major portion of this additional power ~s radiated over 

the f~l length of the arc and thus principally to the ~leeve, which 

surrounds the arc over the major portion,of its length. This 1s shawn 

in Figures 18 and 19. In these figures, (P f) represents the power 

absorbed by the feed. At 10w feed rates, the feed material is not 

present in suffic1ent quantity to absorb the extra arc power, and thus 

mose of the extra power is transferred to the sleeve (P ) with a small 
s 

portion being transferred ta the anode (P ) and reaetor wall and roof 
a 

CP). At higher feed rates, the part1culate feed forms a molten w 

falling film on the 1nner surface of the sleeve and absorba a fraction 
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FIGURE 18 

PERCENT POWER DISTRIBUTION 

WITH FEED RATE 
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FlGUllE 19 

ACTUAL POWEll DISTRIBUTION 
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of the arc's power Therefore at higher feed rates the power 

cranaferred to the sleeve dimLnishes The falling film pratects 

and insulates the 9leeve from the arc 

As all che reactar surfaces are caoled, a large portion of 

the arcs energy l.S IoIithdrawn from the reactor system As the power 

transferred to the 9leeve and ta the anode in an uncooled reactor tS 

potentially us.ble, and on~y the energy transferred to the reactor 

wall, roof, cathode assembly and exhaust gas 15 lost, i t should be 

possible ta transfer to the feed and the charge at high feed rates 

80 ta 85% of the arc~ power, with 10% being lost co the raaetor ~all 

and roof, and 5% baing lost to the cathode assembly and approximatelv 

3% ta the exil.use gas stream (oot 9hown Ln Figures 16 and 17) 

The introduction of particulate feed into the reactor 

oans1derably redueed the fraction of the arc power lost to the ~all 

and roof CP ) and to the cathode and noule CP ) 
w cn 

The proportion of the Arc's poweIi lost to the walls and 

roof could oe reduced by inaulat~g those surfaces indicating that 

in a properly designed and inSulated reactor over 90% of the arc's 

power could be uti11zed for meltlng and/or chemical raaetions ~ithin 

the reactor. 

Figure 18 indicates that further increases in feed rate 

would not reduce the power lost -through cooling of the sleeve and 
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anode. Thus energy losses to these surfaces would have to be 

reduced by reduced cool~ng and by insulat~ng the surfaces, ~n 

order ta achieve higher wall temperatures 

Figures 16 and 17 also show the power absorbed by the 

feed entering the reactor. This curve was calculated bv 

measuring the amount or feed melted ln each test and calculating 

the theoret~cal power needed to heat and melt this amount The 

por~ion of the feed that was unmelted, but dld absorb some of the 

are's power as sensible heat was not ineluded in the calculation 

as the final tempe ratures of the unmelted partlcles could not be 

measured. Thus, the curve for CP
f

) on Figures 18 and 19 i9 

eonservative in its estimate of the power transferred to the feed 

The sum of the values represented by each curve in 

Figure 18 exceeds 100% at h~gh feed rates as a portion of the 

power transferred ta the particulate feed ~s then transferred ta 

the sleeve and anode The feed after meltlng ln the falling film 

18 cooled and solidifies along the inner surface of the sleeve and 

especially on the anode surface. This is shawn ~n Table II where 

the value of P
th 

x 7. melted, (the power ta melt the feed x 

fraCtion melted) is often greater than the value of Pt - P
R 

CP 
t 

i5 the arc power, P
R 

is the power wlthdrawn from the reactor 

cooling water.) A complete l~stlng of the results of the tests 

involving the feeding of particulates into the reactor ~s glven 

in Appendix C 
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~ 

18 

22 

F 
P 

\c.g/h 

24 9 

24.9 

::'22 

:ABLE 

? ARTI C Lù\. TE ''Œl''::::'~G ENERGY REQt::::REMEN'!' S 

p - P 
t R .. 

1(101 

14 .:. 7 8 6 6 S 3 ".1. 

14 4 10 5 3 9 8 3 55 

2255 3 . 24.9 14 4 10.5 3.9 S 3 1:>4 

27 35.6 14 0 9.5 •. 5 11 9 32 

30 28.4 14 4 11 4 3.0 9 5 50 

21 24 9 24.0 18.6 5.4 S.3 80 

231 22.6 32.0 23. ï 8.3 - 9 80 

NOTE 

1 
:-i2 atmosphere, all other tests in Ar a c:mosphere. 

2 
P th • 0.34 kWh/kg li: F P Ckg/h) C Eeed rate) '" kWh/kg. 

3 . 
Values corrected to reflect steady-st:ate ùper'!tlon. 

4. P f .. P th x % Melted .. energy absorbed bv feed 

J ... 

- 6 

5 3 

3 8 

... 8 

6.6 

r, 3 

5. % of overall reactor power absorbed bv powder lcalculated). 

23 6 

31 9 

36 8 

27 ... 

33 3 

27 5 

l.9 
., 
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~able :: also :ists che fractlon ::If ë"le ?ar-:::":'..1.iate ~eec 

melced :..n eacr. of the ~~gh ~eed rate tests 

~-:-act1on melted ranged from ~n :he ~ow : t!ed rate ~est 

.. t(.g; h). cne frac t:'oo mel ced was ln all cases 

~~t 22 . argon. 200 amperes was ?erfOrmed ..mder :he same 

:ondiuons and Wlch che same :eed rate as test :8 .... :.tn :!le 

exception chat che durat:!.on of test 22 '.ras double :hat of cest :"9 

Th~s was doue iD order co estimate the iteady-state oDerat: Ulg 

conditions. U loS shawn in Table l and II. cne steady-stace 

œelting efficlency was 10% hiaher thaD that for the entire run. 

and the fraction of the arC:'!I power used ta meit the feed \Jas SI 

greater Thus che reponed values 0 f melting eff1.ciency and powe r 

transferred ta che feed in the other test, where no steady-state 

-
correction was applied. are conservaeive Tests reportlng 80% 

lIlel ting e f fiClency probably had steady-state melting efficiency 

of great e r than 90%. 

The lowest energy consumption per kg of feed melted was 

r I kWh/kg. 

1ch includes 

The theore tical energy requuement is 0 34 kWh/kg 

the SUD! of the sensible heat required to raise the 

temperature of che solid iron feed ta lts meltlug pOlut, and the 

heat of fusion necessary ta melt the iron. The performance of the 

reactor must take into consideration that the reactor was heav~ly 

cooled and that over 70% of the arc' s power was lose ta the cooled 

1 

j 



surface :n aD :..nsul.aad :-eactor. wbere cne :'osses ::c the wal: .oIou.id 

be greaclv reduced. ::he :ne':'::~g :>e~!orm.ance .oIou.la :>e ::onslderaolv 

l..IIlproved, prooabi y ~y a :ac tor or .. or 3 =l.mes :nus ac the same 

t'eaccor power ievels, cons~d.rabiy tagher feeci !:"aCes could he :.ltllized. 

The total time 0 f part l.c...uate l.nj ect~on 101'85 :'.lmi4a :;,ecause 

of ll.~ted llearth capacity and becauae of i't'oblems wit!l leaks Ul the 

sleeve (Le8J'S tended to occur at the lJelded JOUlts exposed to the 

arc', radiat~on.) Also because the anode wu c:ooled, melteci feed 

tended to solidHy direct.ly below the base of the sleeve. and not 

flow and form a pool over che entire dlamecer 0 f the hearth, thus 

reduc:lng the effective capaciCy of tbe latter and l1m:1.t:Lng the feeci 

time per test. 

lt m.1ght be argued that the feed 1s melted by the arc 

radiation and that the power transferred to the anode is Qot 

utilize.d. In fact, the power transferred to the anode can be 

utilized in a oumber of ways. It can be utilized to melt a charge 

plaeed in the t'eaetor hearth prior to arc initiation, or during 

reaetor operation. It cao also be used co supply the energy necessary 

....~ 

for reactioo taking place in the melt. The reae tants e~ther in the 

form of a solid or agas could be introduced in ta the melt during 

reactor operations. And finally, the power trans ferred to the anode 

could be used as a supplement to the sleeve. At very high feed 

rates the power transferred to the anode eould be used to mel t the 

portion of the feed not mel.ted by the are' s radiation before reaching 

the hearth. 
" \ 
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The amoun~ of du.s~ in the uhaust gas "'as :neaaured by 

?lacU1g illters over the reactor 1 S outlees. The resul ~s are 

lated ln rab le ~ The proportion of the fe.d lost to the exhaust 

gas seream was very small in aU casel whare it wa.)measured and 

ranged from 0.03% to 0.1% of tbe fead. The part:icles collected in 

tbe exhau.t seream ..,are very fine. A po rt: ,"on 0 f the f eed was 

probably vaporized apon ene.ring che arc and recandensed in the 

cool outlee g~ stream, fOrml.Dg a dark. fume. 

CONCLUS lj2NS AND RECO~TIONS 

( 

This thesis deals with a novel plasma reactor design \ ~ 

(the Noranda - Hydra-Québec plasma reactor) wh1ch was successfully 

designed, constructed and operated. The performance of the reaetor 

was seudied over a wi.de range of operating conditions. The operating 

parameters s~udied ineluded the arc length and current, the axial and 

tangential gas flov rates, the type of plaSlDagen gas used and the 

particulate feed rate and size. 

Measurements indicated chat the majoricy of the arc '5 

power 15 transferred ta the particulate .ed, the sleeve and the 

anode. In an uncooled reae tor, all of chis power constitutes the 

useful part of the energy supplied to the furnace. In order to 

minimize heae losses to the wall and roof of the reactor, the 

sleeve must always surround the plasma arc over the maximum portion 
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possible of 1es lengch. A proper1y des1iDed and 1nsulaced Noranda -

Hydro-Québec cype of r.actor should be able to ucilize over 90% of 

the power supplied to the reactar. A reaceor of such effieieney 

would open the door to the developmenc of many n.w ~laama mecallur-

gica! or eheaical proc •• ses. lt 1s imporcanc to note chac this level 

of efficiency applies to the proe.ss a. a whole. ~.t manufaccurera 

of pla ... torch reporc fairly high effieiencies, but the latter is 

fram th. d.c. line to ehe plasma gas, and doe. not 1nclude the 

transf.r of energy from the gas to the proces8. !hua their overaIl 
• 

effie1ency ia considerably le •• than that reported here. 

In addition to 1es high power effieiency, this reactor 

1s capable of aceepting a wide range of partieulate feed sizes and 

ac the same t~. producea very little fwne, thus minimizin8 the 

problem of cleaning the exhaust gases. In addition, future designs 

might be able to oparate with lower plasmagen gas rates, by 

eliminat1ng the axial gas stream, thus reducing energy lost to the 

exhaust stream and operating costs. 

The modifications that should be implemented in order to 

improve the reactor are as follows: 

i. The sleeve design has to be modified ~n order to eliminate 

the problem of water leaks. AlI welds must be located in such a 

manner as not to be exposed to direct radiation emanating from the 

arc. Most of the water leaks in the sleeve occurred along the welds. 
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1i. The sleeve should be movable sa as co ac aIl cimes surround 

the maximum Braet10n of the arc. 

iii. The cooling of che anode, sleeve, reactor walls and roof 

sbou.ld be redueed to a m1.nimum 10 arder to maximize the meltlog 

eff1eieney of the reaetor. 

1. 

ii. 

Future studies of the reaetor sbould include: 

Study of tbe effeet of varying tbe d1amecer of the sleeva. 

~ 5tudy the h •• t transfer r.ces and meehanism becween the 

arc, che falling film and tbe sleeve. 
:t 

11i. 5tudy of t.h&1melting effie:1,ency in an uncooled reaetor, 

10 order to decermine che optimum power consumption rates per kg 

of feeâ and melting effiei.ney. 

A 9ummary of the IDOre important observations and conclusions 

which were derived from the experimental part of chis work 19 as 

follows: 

i. In the reaetor design studied 80% co as? of che cransferred-

Arc's power was transferred to the anode, sleeve and feed and i5 thus 

potentially usable. 

ii. With 70% of the are's energy lost to the cooled surfaces, 

the energy consumption was 0.91 kWh/kg compared to a theoretical 

requirement of 0.34 kWh/kg. 



( 

128 

.. 
111. The voltage of an argon arc incr ••••• by 25 co 30 voles 

with the addic10n of a particulate feed. The voltage of a n1crogen 

arc 1acreases by 20 volts. 

iv. Tansea.t:ial Sas injection into the .leeve st.bilize. the 

arc and lover. the arc voltage by 5 to 7 volts. 

v. The u:haust gas stream conta:lns negligibly 11ttl. dust 

(fu:me) and &lw.ys 1 ... th.an 3% of the total power input. 

vi. Util1ziDg nitrolen inatead of argon u the plasmag8D gu 

re.alts iD a 160% incr .... in the arc' s voltage. hence power. 

tber.by doubling tba pow.r and operating rate of the reactor. 

.. ' 

« 

.l 
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TABLE A-l 

OVERALL REACTOR ENERGY DISTRIBUTION IN A PURE ARGON ATHOSPH~R~l 

------- - -.. 1 V P P P P P P P t ,Ii t c n s w d R l:ili % % % % % % cm A V kW kW kW kW kW kW kW Lm 
--- - - - -- - -- - -

0.5 100 12.2 1.2 0.1 (8.6) 0.2 (12.9) 0.0 (0.0) 0.3 (24.0) 0.6 (24.0) 1.2 (97 0) ':l 
0.7 200 15.1 3.0 0.3 (10.4) 0.3 (lO.4) 0.0 (0.0) 0.8 (25.9) 1.5 (49.9) 2.9 (96 '» ':l 

1 100 14.4 1.4 0.1 (9.7) 0.1 (9.7) 0.0 (0.0) 0.4 (27.1) 0.6 (4J.6) 1.3 (90. 1 ) 5 
1 150 15.2 2.3 0.2 (9.2) 0.2 (9.2) 0.0 (0.0) 0.6 (25.7) 0.9 08.5) 1.9 (82.6) 1.5 
1 200 16.0 3.2 0.4 (10.9) 0.4 (10.9) 0.0 (0.0) 0.8 (26.1) l.8 (55.1) 3.3 (103.0) ') . 1 
1 250 19.2 4.8 0.4 (8.3) 0.5 (9.7) 0.0 (D.D) 1.2 (24.4) 2.3 (47.2) 4.3 (89.6) j ') 

il> 

2 100 17 .1 1.7 0.2 (13.8) 0.2 (9.2) 0.0 (0.0) 0.4 (24.5) 1.0 (55.7) 1.8 (101.1) l 6 r-

2 150 18.7 2.8 0.2 (7.5) 0.2 (7. '» 0.4 (13.9) 0.7 (27.8) 1.0 05.8) 2.6 (92 S) 1.') 
2 200 21. 7 4.3 0.3 (7.2) 0.4 (8.0) 0.7 05.9) 1.3 (29.6) 1.7 08.8) 4.3 (99 '» J ') 
2 200 20.0 4.0 0.3 (7.0) 0.4 (8.7) 0.2 (5.6) 1.0 (25.1) 1.9 (48.1) 3.8 (94. 7) S 1 
2 250 22.8 '!L' 7 0.4 (6.7) 0.5 (8.1) o 4 (6.9) 1.6 (27.4) 2.4 (42.8) ') ) (n . .l) ') 

2 300 23.8 7.1 0.4 (4.9) 0.6 (7.8) o 9 (12.9) 2.3 (H.7) 2 8 (19 4) 6 9 (96. 1) ':l 
2 300 24.0 7.2 0.4 (5.3) 0.7 (9.7) 0.7 (9.7) 2.0 (27.8) J.O (41.2) 6.7 (91 7) 5 
2 300 22.8 6.8 0.4 (5.6) 0.6 (8.7) o 5 (6.7) 1.7 (24.5) l 4 (49 0) 6 ') (94 '» ') 1 

3 100 .20.0 2.0 0.3 (14.4) 0.2 (8.0) 0.0 (0.0) 0.6 (29. }) 0.9 (4 LI) L.9 (94 b) l.b 
3 150 21. 5 3.2 0.2 (6.5) 0.2 (6.5) 0.4 (12.1) 1 0 (JO 1) 1.1 (J8 9) l.0 (~4 1) 1 ') 

4 100 23.9 2.4 0.2 (6.7) 0.1 (4.4) o 2 (8.2) (l. 7 (28.6) o 9 (10 M) 2. 0 (B4 '» ') 

4 150 24.7 3.7 0.2 (5.7) 0.3 ( 7 . 1) 0.4 (l0.5) 1.2 ()l.6) 1.4 ( j 1 j) J 4 (9l.1) ') 
4 200 25.4 5.1 0.3 (6.2) 0.4 (6.9) 0.9 08.1) 1 5 (30.0) 2.0 ( 19 . 'l ) 5 1 (l00 b) 1 ') 
4 200 27.0 5.4 0.3 (5.8) 0.4 (6.5) o 5 (9.0) 1.7 (29.4) 2 7 (49.0) ') 4 (99 B) ') j 
4 250 28.3 7.1 0.4 (5.6) 0.5 (6.6) 1.2 (16.6) 2.0 (27.6) 2.8 (l9 . 4) b 8 (9':> 8) 1 ':> 
4 250 28.1 7.0 0.4 (5.0) 0.5 (7 0) 0.5 (7. 0) 1.8 (25.1) 3.2 (4'> 1) b 4 (~O J) 'l j 
4 300 28.6 e.6 0.4 (4.1) 0.5 (5.7) 1.8 (21 5) 2.5 (29.5) 1 0 (J5. J) 8.2 (9') 9) j ') 
4 300 29.8 8.9 0.4 (4. J) 0.6 (7.0) 1.2 (l3 7) 2.3 (26.2) 4. l (4') Y) 8 7 (y, 1) ':l j 

- --- -- - - ---~ -

LUIll1nued /A.2 



TABLE A-l 
• ••. cont:inued 

OVERALL REACTOR ENERGY IHSTRIBUTlON IN A PURE ARCON ATHOSPHERE
1 

---- ---- --------~--

1. l V P P P P P P P t 
t c % n 

% 
B 

% 
w 

% 
a 

% 
R 

% 
Bd 

cm A V kW kW kW kW k.W kW k.W llD 

----- - - -- - - - - - - - - - - - - - - -

4 350 29.8 10.4 0.4 (4.0) 0.6 (6.0) 2.3 (22.1) ) 0 (28.4) 3.b (34 2) 9.9 (94.1) 1 ') 

4 350 30.6 10.7 0.4 (3.6) 0.6 (6.0) 0.7 (6.8) 2.8 (25.8) ') ) (49.2) 9 8 (91 j) ') 3 
4 400 31.9 12.8 0.4 (3.3) 0.6 (4 9) 2.3 (l8.0) 3 8 (30.1 ) 4 8 (37 ) 11.9 (93 '» 3 ') 

4 400 32.6 13.0 0.5 (3.5) 0.8 (6.4) 1.2 (9.4) 3 6 (27 6) 6 } (48. ) 12 4 (9'l 1) '> j 

6 100 28.5 2.9 0.2 (5.5) 0.1 (J.]) o 4 (J 7) U 8 (27 4) 1 0 (j'l.2) 2. 4 (8':> '» l '> 

8 150 33.3 5.0 0.2 (4.2) 0.3 (5. 3) 1.4 (27.4) 1 4 (27.4) 1 5 (30 2) 4 7 (1)4 n l '> 
8 200 35.7 7 .l,. 0.3 (3.9) 0.4 (4.9) 2. 1 (29.0) 1 8 (25.8) 2. j (32 6) o 9 (90 2) J 'l ;l-

8 200 34.5 6.9' 0.3 (4.6) 0.4 (5 1) 1 0 (23.4) 1.6 (23.1) L'l (50 6) 7 4 (l06 8) ':> l N 

8 250 35.9 9.0 0.4 (4.4) 0.5 (5.2) 2.3 (..l6 1) 2. 2 (23.9) 3 0 (J 3 0) 8 ) (92 7) j 'l 
8 300 39.8 11.9 0.4 0.0) 0.4 0.5) 3.7 (31.2) 2.B (23.0) 4 0 ( 1) 8) 11.2 (94 1) l 5 
8 300 38.8 11.6 0.4' (3.6) 0.6 (4.8) 2 ') (21.8) 2 4 (20.9) ') 4 (46 '» Il ) (97 4) 'l l 
8 400 42.6 17.0 0.4 (2.5) 0.8 (4 5) 3 7 (21 . '» ) 2 (18.7) 7 7 (4'> 2) 1') 7 (92. 1 ) 'l j 

11 150 37. 3 5.6 0.2 0.7) o 3 (4.7) 1 8 (31 4) 1 4 (24.4) 1.5 (2b 9) S (1) 1 C· l '> 
11 200 40.3 8.1 0.3 (3.5) o ) (J 9) 2 8 ( 34 . 3) 1.8 (22 9) 2. j (27 9) 7 4 (') l. ") '> 
11 250 39.4 9.9 0.4 (4.0) 0.4 (4 0) 2 7 ( 2 1 1:1) 2. 2 (21 8) } 1 (11 9) 1:1 8 (8'1 'l) ') 

16 200 48.1 9.6 O. '3 (3.3) O. '3 ( 3 . 3) 3,9 (4U 0) 2 0 (20. }) 2. 4 (24 8) 8 9 (92. 2.) j ':> 
16 200 47.2 9.4 O. '3 (3.0) 0.3 (J J) 3.5 ( j6 .6) 1 9 (20 4) j.O (H 9) 9 0 (9') 2) 'i j 

16 ~250 48.4 12.1 0.4 0.3) 0.4 ( J . 3) 4 7 (JI:! 7) 2 j (18.6) } l U ,_ 4) Il 0 (91 l) l ') 

16 300 49.4 14.8 0.4 (2.4) 0.4 (2 8) 7.4 (49.7) 2.b 07.7) 3,2 (21 9) 14 0 (94 4) l '> 

16J· 300 54.0 16.2 0.4 , (2.4) O. ') () 0) 6.') ()9 8) 1.8 (20.4) LO (J4 8) 1') 7 (90 1) 'l j 

-~~------~---- - - - - - - - ----------

NOTES: 1. 
Nozzle 1, d = 1.0 cm, F = 14 L/min. 

nz ag .. 2. 
V not consideL~d accurdte. 



TABLé A-2 -----

OVERALL REACTOR ENERGY DISTRIBUTION IN A PURE ARGON ATMOSPHERE
1 

" 
---- -- --

L l V -- P P P P P P N P l 
t c 

% n 
% 

s 
% 

w 
% 

a 
% 

R 
% 

!ld 

cm A V kW kW kW kW kW kW k\ol Lm 
-----

2 200 22.1 4.4 0.4 (7.9) O. ) (6 3) o 2 (5.4) 1 4 (J1.4) 1.9 (4 j 4) 4 2 (94 l) 4 2 

4 100 27.3 2.7 0.4 (l0. 2) 0.1 (5. 1) o 2 < 8.7) 0.9 (31.9) 1 3 (47 0) 2 8 (102 <j) 4 2 
4 200 28.5 5.7 0.4 (6.'!) 0.4 (6.1) o ') (8 J) 1 8 (32.1) 2 ) (39 4) ') J (92 1) 4 2 
4 300 30.6 9.2 0.4 (4.6) 0.6 (6 5) 2 (12 9) 1.0 (32. ) 3 ') (18 4) 8 7 (94 7) 4 2 
4 400 33.6 13 .4 0.5 (1.6) o 9 (6 8) <) 

~ 
(14 1) 4.2 (31.1) 4 9 (36 4) 12 4 (1)2 Ù) 4 2 

)-

L.> . 
8 200 36.1 7.2 0.4 (4 8) o 4 (5 ) 1 9 (26 3) 1.8 (25.4) 2 3 (11 1 ) 6 1 ('J2 'J) 4 2 

11 200 40.2 8.0 0.4 (4 3) 0.4 (5.2) 2 4 (2'J 5) 1 9 (2) 9) 2 J (21 <j) 1 j (90 ~) 4 2 

16 200 48.9 9.8 0.4 (3.6) 0.4 (4 3) 3 8 (H~ 8) 2 0 (20.') 2 (2 j 0) 8 8 ('JU 1) 4 2 
~ 

------ ---

NOTE: 

14 1 ':2 d 0.75 cm, F 14 L/min -Nozz e , 
nz ag 

~-' 
~, 
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l'ABLE A-j 

ARC VOLTAGE AND REACTOR ENERGY DISTRIBUTION 

WITH VARYING AXIAL GAS FLOW RATEl 

----- ----~ ------- --- - -- --

1 l V P P P l' P l' Pa F 
[ c 

% 
n 

% 
8 

% 
w 

% 
li 

% % 
ag 

CID A V kW kW kW kW kW kW kW L/min 

---- - - - ---

4 300 28.6 8.6 0.4 (4.1) 0.5 (5 7) 1.8 (21 5) 2 ') 09 S) j 0 ( j 5 j) 8 2 (95 9) 14 
~ 

4 300 29.2 8.8 0.4 (4.0) 0.4 (4.8) 1.8 (21.0) 2.8 ()l 8) 1 5 (39 'j) B 9 (lOI 1) LU .... 
4 300 29.9 9.0 0.4 (J. 9) 0.4 (4.1) 1.8 (20.5) 2 8 01 1) 3.2 (j6 2) B 6 (96 j) 2') 

4 300 30.7 9.2 0.4 ( 1.8) 0.4 (4. S) 1.8 (20 0) 2 tI (JO. 3) j 2 OS. 2) 8 b (9) 8) lU 

4 300 32.2 9.6 0.4 (J.6) 0.4 (4. J) 1.8 (19 0) 1.0 (30 6) 2 (n. il) B.B (91 j) 40 

-- --- -------- ----- - - -- --- ----- 4- -- - - -

NOTE: --
1. 

Pure argon atmosphere, nozzle 2, d ~ 0.75 cm. 
nz 

~ 



t 1 v 
cm A v 

P 
t 

kW 

p 
c 

kW 

16 200 45.3 9.1 0.3 

16 200 42.3 8.5 0.4 

16 200 41.5 8.3 0.4 

TABLE A-4 

ARC VOLTAGE AND REACTOR ENERGY DISTRI8UTION 

WITH VARYING TANGENTIAL GAS FLOW RATEl 

% 

o 5) 

(5 1) 

p 
n 

kW 

0.3 

O. :1 

% 

0.1 ) 

(3.9) 

(5.2) 0.3 (4.0) 

P 
8 

kW 
% 

1.9 (43.2) 

3.6 (42.5) 

P 
w 

kW % 

1.8 (20.4) 

1.8 (20.8) 

p 
a 

kW % 

2 2 (2] 9) 

2.5 (29.9) 

PH 
kW % 

~' 
tg 

L/ndn 

8.5 (94 1) 0.0 

8.6 (102 L) 14 cr 

16 200 41.1 8.2 0.4 (5.2) 0 3 (4.0) 

3.1 (37.1) 
3.1 (H.5) 

1.6 (19.2) 

1.6 (19.3) 

2 4 (28 4) 

2.0 (24.0) 

7.8 (93.8) 18.0 

7 4 (90 5) 30. 0 

16 200 40.4 8.1 0.4 

16 300 51.4 15.4 0.4 

16 300 47.0 14.1 0.4 

16 300 44.6 13.4 0.4 

16 300 43.8 13.1 0.4 

16 300 43.0 12.9 0.4 

4 250 27.6 6.9 0.5 
4 250 28.4 7.1 0.4 

4 250 29.6 7.4 0.4 

4 250 29.9 7.5 0.4 

(5.)} 0.3 (4.1) 

(2.7) 

(2 7) 

3.1 (J8. 4) 

6.9 (44.7) 

6.'> (4'>.7) 

(2.8) 0.4 

(2.5) 0.4 

(2.6) 0.4 (2.9) 6.0 (44.7) 

(2.7) 0.4 

(2.7) 0.4 

(2.9) 
(3.0) 

(7.1) 0.5 (7.1) 
(5.6) 0.6 (7.9) 

(5.6) 0.6 (7.6) 

(5.6) 0.6 (7.5) 

5.5 (42.0) 
5.5 (42.8) 

1.0 04.6) 

1.0 (l4.1) 

1.0 (13.6) 

1 j (lb 8) 

1.6 09.8) 

2.8 (l8.1) 

2 7 (19.2) 

2.6 (19.5) 

2.6 09.9) 

5.5 (20.J) 

2.0 (28.9) 

2.2 (JO. b) 

2.3 (l0. 6) 

2.4 (H.5) 

2.0 (24.7) 7 .4 (92. 1) 18.0 

) . 5 ( 2 2 1) 1) . 9 ( 90. J) 0 . 0 

) 6 (25 j) }3 4 (95.4) 14 0 

3.2 (242-) 12.9 (9b l) 20 5 

).0 (21.0) Il 9 (90.8) )0 0 

3.0 (2J 5) Il 9 (9l 2) J9 0 

2.4 (JS 2) 6.4 (92 8) 0 0 

2.4 (34 2) 6.6 (92 7) 20.0 

2 . 4 (j 2 . 8) b . 7 (90 2) JO. 0 

2.4 02.5) 7.0 (9 J 9) 40 0 

NOTE: 1 
'Pure argon atmosphere, t a 3.5 cm, nozz1e l, d a 1.0 cm, F - 14 L/min aa nz ag 

mmnrHl1!M""" . 

>­
VI 
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TABLE A-5 

ARC VOLTAGE AND REACTOR EN@!GY DISTRIBUTION 

WITH VARYING TANGENTIAL pAS FLOW RATEl 

r ' 

1 1 V P p- p p t p p P
R 

F 
t c % n % 8 % 

w 
% 

a 
% % tg 

Cil A V kW kW kW kW kW kW kW Ljwin 
----~-

16 200 48.9 9.8 0.4 (3.6) 0.4 (4.3) 3.8 (38.\) 2.0 (20.5) 2.3 (23.0) 8.8 (90 jl) 0.0 

16 200 45.9 9.2 0.4 0.8) 0.4 (3.8) 1.5'; (38.1) 1.9 (20.9) 2.1 (24 5) 8.4 (91.2) 14.0 > 
0-

16 200 44.5 8.9 0.4 (3.9) (l.4 (3.9) 2.9 (32.9) 1.9 (21.6) 2.1 (23.4) 7.6 (85.7) 20.5 .." 

Il) 200 43.5 8.7 0.4 (4.0) 0.4 (4.0) 2.9 (33. 7) 1.9 (22.0) 1.9 (22.1) 7.5 (85.8) 30.0 

16 100 46.8 14.0 0.4 0.1) 0.5 0.4) 5.9 (42.2) 2.9 (20.6) 3.9 (27.4) 13.6 (96.7) 20 5 

-------

NOTE: 

1. Pure argon atmosphere, t • 4.2 cm, nozzle 2, d G 0.75 cm, F = l~ L/min. 
S8 nz ag 

., f'*W~"'''' ,. 
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APPENDIX B --------

EXPERIMENTAL RESULTS NITROGEN - NO FEED 



'\ 

TABLE B-l 

OVERALL aEACTOa ENERGY DISTRIBUTION 

IN A PURE NITROCEN ATHOSPHIIE1 

1 

c. 

6 

6 

6 

8 

8 

8 

Il 

1 

A 

100 

150 

200 

100 
150 

200 

v 
V 

14.3 

70.0 

82.0 

81.9 

88.0 

98.0 

150 112.0 

162• 200 90.0 

16 200 132.0 

Pt 
kW 

7.4 

10.5 

13.2 

8.8 

13.2 

19.6 

16.8 

18.0 

26.4 

P 
c 

kW 

0.3 

0.3 

0.3 

0.3 

0.3 

0.4 

0.3 

0.4 

% 

(3.8) 

(2.7) 

(1. 7) 

(3.2) 

(2.1) 

(1.8) 

(1.7) 

(2.6) 

p 
n 

kW 

0.2 

0.3 

0.5 

0.2 

0.3 

0.5 

0.3 

0.3 

% 

(2.7) 

(3.2) 

(3.2) 

(1. 9) 

(2.5) 

(2.4) 

(2.0) 

(1. 7) 

P 
s 

k.W 

0.9 

1.1 

2.2 

1.3 

1.7 

3.1 

4.8 

5.0 

% 

(11.8) 

(10.2) 

(13.6) 

(14.4) 

(12.6) 

(15.9) 

(28.5) 

(21.5) 

NOTES: l 
. Hozz1e l, d • 1.0 ca, 1 • 4.5 c •• F • 14 L/.in. nz ,88 88 

2. n.prrt' Ar axial gas. N2 ta ial gas. 

P 
w 

kW % 

2.3 (31.0) 

2.6 (24.6) 

4.4 (26.6) 

2.9 (32.5) 

4.3 (32.2) 

5.7 (29.1) 

5.4 (32.0) 

4.4 (23.9) 

p 
a 

kW 

4.0 

6.3 

9.1 

4.6 

6.7 

9.1 

6.3 

6.6 

% 

(53.4) 

(59.9) 

(55.7) 

(51.7) 

(50.6) 

(46.6) 

(37.4) 

(36.3) 

Pa 
kW % 

7.6 (102.7) 

10.6 (100.5) 

16.5 (100.8) 

9.1 (l03.8) 

13.2 (100.0) 

18.8 (95. 7) 

17.1 (101. 5) 

16.1 (63.3) 

" 

F 
tg 

L/.in 

0 

0 

0 tIOI 

...... 

0 

0 
r-

0 , 

0 

12 

12 

'\ 
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EXPEllIMENTAL llEStrLTS PARTICt1LATE FEED 

"l, 

i 
1 

Q 

, 
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TABLE C-l 
il. 

ARC VOLTAGE AND llEACTOR ENEllGY DISTRIBUTION 

WITH PARTICULATE FEE» 

.... 

TEST 1. 1 V Pt P P P P P P
il 

F F 
c % n % 

s % w 
% a % % tg p , ca A V kW kW kW kW kW kW kW L/ain t_/h 

l2 16 200 62.2 12.4 0.4 (2.9) 0.4 (2.8) 7.2 (58.1) 2.1 (17.2) 2.0 (16.0) 12.1 (97.0) 30.0 0.75 

12 16 200 65.8 13.6 30.0 1.4 

13 16 200 59.9 12.0 0.4 (3.2) 0.4 (3.5) 6.8 .(56.7) 2.3 (19.3) 2.5 (20.8) 12.4 (103.3) 20.5 0.66 

13 16 200 63.5 12.1 0.4 (2.9) 0.4 (3.3) 6.9 (54.3) 2.3 (18.2) 2.5 (19.ft) 12.5 (98.4) 20.5 1.3 

Il 16 200 65.9 13.2 0.4 (2.8) 0.4 0.2) 6.8 (51. 5) 2.5 (18.9) 2.5 08.9) 12.6 (95.3) 20.5 2.3 

13 16 200 69.5 13.9 0.4 (2.6) 0.5 (3.5) 6.1 (44.1) 2.5 (17.9) 2. ~ (18.0) 12.0 (86.1) 20.5 J.7 

14 16 300 69.5 19.8 0.5 (2.5) 0.6 (3.2) 11.5 (58.2) 3.1 (15.4) 3.1 (15.4) 18.1 (94.7) 20.5 3.7 

15 16 300 67.8 20.3 0.4 (2.2) 0.6 (3.1) 10.1 (49.5) 3.5 (17.4) 4.3 (21. 3) 19.0 (93.4) 20.5 I.J 

18 16 200 72.0 14.4 0.3 (2.2) 0.4 (2.4) 2~7 (l8.9) 2.3 (15.7) 2.2 (15.0) 1.8 (54.2) 12.0 24.9 

22 16 200 72.0 14.4 0.5 (3.4) 0.7 (5. J) 5.6 (38.7) 1.4 (10.0) 2.2 (15.3) 10.5 (72.7) 12.0 24.9 

21 16 200 70.0 14.0 0.3 (2.3) 0.4 (3.1) 5,.6 (40.0) 1.3 (9.6) 1.8 (12.9) 9.5 (61.9) 20.5 35.6 

30 16 200 72.0 14.4 0.4 (J.O) 0.4 (2.6) 6.1 (42.4) 1.7 (11.6) 2.8 (19.7) 11.4 (19.4) 12-.0 28.1i 

21 16 300 80.0 24.0 0.4 (1.5) 0.8 (3.5) 9.2 (35.4) 3.1 (12.7) 5.2 (21.5) 18.6 (17.5) 12.0 24.9 

23 161. 200 152.0 30.4 0.4 (1. 3) 0.8 (2.6) 12.8 (4:!.1) 4.4 (l4. 5) 5.3 (11.4) 23.7 (78.0) 12.0 22.6 

25 161. 300 150.0 45.0 

~ 
- 12.0/76.2 

NOTE: 1 ~ 

• H2 at80sphere. aIl other tests ln Ar staosphere. 
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A 

B 

d 
p 

• 
E 

, 

'tl 

l 

J 

Il 

I..a 

Doszl. d~t.r, cm 

part1culat. d1 ... tar, IJID 

.~.ctrOD1c charle 

.~ectric field 

force 

.ri.) 1" flov rate, L/1I1n 

total ..ouat of particulat. f.d to r .. ctor, kl 

part1culate feed rata, kl/h 

eaDlent1al ,.. flov rata, L/1IÛ.D 

arc current, .-pare 

current dena1ty 

_turatioa. current denaity 

, 
thermal coaduct1v1ty 

ao~tD8DD'. c:oaatant 

arc 1enlth, CIl 

dût_c. frOli ba .. of sl.ave ta tha A1lode sudaca, cm 

-
l 



( P 

P a 

p 
e 

• P en 

Pf 

P 
n 

Pa 

P 
r 

p 
• 

Pt 

Peh 

Q 

Qc:hj 

ft, 

2 

pressure 

power transferred to anode 

power transferred to cathode 

power transferred to cathode and cathode nozzle 

power transferred to particulaee feed 

power transfarred to cathode nozzle 

power absorbed by all eooled surfaces in reaetor 

radiative pow.r density 

power tranafened to sleeve 

toeal are power (V-I) 

tb.oretical power required ta melt particulaee feed • 

0_34 kWh / kg li: F (ka/h) 
P 

~r tranaferrad ta reaetor wa~l and roof .. 
raee of beat tran.fer 

.. 
kto.eic enersy, wbich ia caused by the Acceleration 

of ehe elecerons through the anode boundary layer 

heae conduceed into the anode 

heat;. conduction frOID the hot gas 

heat fra. chamic~ reaction and joule heating 

heat tranaferred by convection from plasma to anode 



\ 

\ 

Q " .. 

r 

T 

T 
e 

T 
w 

V a 

3 

heat conducted or convected away ta the surrounding gas 

heat lost by the vaporization of ehe anode material 

kinetic energy of ehe elecerons comprising the arc 

current and penetrating the anode surface 

thermal energy which 1s eransferred fram the hot gas to 

the electrons in the arc column (Thompson effect) 

heat transferred by radiation fram the arc to the anode 

but racU,ated by the anode surface to ehe reactor wall 

and roof 

beat lost by sputtering 

beat of condensation of the e1ect:rons equivalent ta the 

work. func:t1.on of the anode mater1.al 

rad1.&l. db 'tance 

temperature 

elec 'tron temperature 

wall t.-perature 

anode fell voltase 

1on1.%&t1011 potent1.al 

equ1.va.lent volta.e drop at the anode 

work funct1.on 

de.re. of i~at1.on 



4 

Greek Latters 

cr electrical conductivity 

Subscripts 

a acceleration of electrons 

c conduc tion or cathode 

en cathode and cathode noule 

e electTon 

f feed 

n cathode nozzle 

1 
r radiation 

1 sleev. 

t total 

w wall 

or anode 

1 
t , 


