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CHAPTER 1 

THE F .• I.ECTRIC ARC FURi'MCE 

1.1 I NTRODUCTION 

The electric arc is a aou..rce of heat l"d. th a controllable 

c oncentration of energy that is not found in c onventional melting 

processes. Po\-:er densities in the r ar.ge o f 1500 ki¥ pe r cub~.c :tnch 

(91.5 h:\i per cubic c entimetre ), combi nod \tith a thermal poVn:tial of 

about 4ood'c , go a long --v;o:~y t o11ar s rna dng the 0l.ec b :ic ere au ide"' l. 

s ource for melting metals. Thc.sc properties are utili sed i n "i.~!.C~ 

El.ecti-:-ic Arc F rna.ce , aa use in steell px·oduc tion 9 nd also :Lil'l the 

Ui ·;Jting of s uch non-ferrous e tals as cc.pper awl brr ss . 

The m.<tin raw a t orial i n elec t r:l.c f urnac:e steelm9.king :i.G 

s crap iro 1 a nd stet:: l. 'l'h (; major a vantag(! of the a r c fm.·l:a.ce :i.e t hz..-i; 

t he compos itiov. o.f the finE'.l pr oduct cail be e.lmost c omple t ely 

conb.•olled by use of a suitable slag. SlRgs vre subztvnces , ( e.~. 

oxides 9 ce:whonat.es ) ~ Nhich on. account of t heir fusibility 9 chemical 

e::.ctiv:i.ty 9 diasolvi..g po\;er and lOi·J density, furn i s h the ocl.o;na by 

which i mpu.rities are s cparatC!d fr c-rJ t hs metal a nd r e. oved f r<L t he 

f u:rnnce (2). i his give~ t he elec tric arc f urnace such fl c:xibility 

over <?..11 other f urL.:J.C0G, t.ha.t rl th it 9 one .ay prc~e~H'. to Qal-::c the 
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a n all-el ec t ric devic e , i ts operaticn is more ea s ily c ontrol led 

direc tly by a computer (1 ) . At t he present time 9 e l ec t ri.c f urnace 

steel a ccoun t s for only a small per centttge (14% i n t he U.S .) of t he 

t otal e:upply . However , as indicat~d i n Ta ble Lli this figure i s 

s t eadily riaing (2 ). 

1. 2 HISTORY AND DEVELOPHENT OF THE ELECTRIC ARC .l!'UHNACE 

ough t he phenomenon of the electric u·c \.as fi r-st sbJd :.i.<·~ d 

scient ifically by Sir Humphrey Davey i n 1800 . t he e l ectric arc 

f urnace had i ta origin in 1878, \'!hen WHl :i am Siemens flrst ~~:9111:\ C(t ;.]!1 

electric current t o t he melting of nteel (2) . 

I n the Siemens model 9 h ;o horir:;ontal carbon elc-c tro<lcr.; 

i nserted t hr oueh t e f urne.c0 \-Jalls above t he c rue ,ble mel ted the 

ch5ii.'ge by :t. a diation fl .. :1 t 1e h orizontal arc: . This design vms very 

.... ~c:~ste ful :tn f:1ectric ~nergy aa t.he f urnaco \'ral l n were · l s,, c onsu1.1ed 

at the same t ice . 

I n 1892 De Laval pate_lted a furnncc f or refining iron , but 

t.ld.s prove i r:2practicablo Q I u al:wut t he :.:::trne period 9 Her oult 

devel oped an. electric fm:·1:1ac0 fey.· the r.!:crmfe.ctu:ce of !orro~·all oy and 

ca l cium c e.:c iae (3 ~ 4) . 



TABLE 1 . 1 

A..~~lJAL PRODUCTION OF ELECTRIC-FU&~ACE STEELS(l) 

(Raw Stee l and Steel f or Castings - Thousa nds of Net Tons) (
2

) 

J E lcl:lric-FI If tUtt"e 

Yr:u Steel 

lnG'l 1 
J\)(;8 ! 

20,]:32 
](i,fi.l4 

HJIJ7 I 15,0.1'9 
l :Jf>G 14.870 
J%5 13,&04 
)!)(ij I l2.f>78 
" 'G'' I . 0 CJ20 ;._:.~ ·.) 1 .. 

J <JG2 I 9,(/J .1 
1961 ) H.GG·l 
JCJG<' I s,.:>/9 
•n- n c 5''3 (J )yo C ,• .), 

18.58 G C.'iG 
EJ57 7,971 
Jn::;t; l:i . (~ 1 1 

m~s a.o:;o 
l'JS~ .S,-l3G 
]!)53 7,280 

Total 
A 11 Pro<.·e~!'t'~ . 

Jndutling E1<·(.:trlc 

141 ,262 
13 l ,4G2 
127,2;3 
134 ,101 
13! ,4(}2 
127.076 
l09.Z(il 
98,328 
91l ,OJ4 
9CJ,2S2 
93,4-JG 
il.),255 

]] 2,71.'5 
J 15.216 
11 7,0.16 
88,31.'2 

11 1,610 

Pcrct: n ~ R(;C 

!\(' prl'~.~ · ,ltcU by 
Elc<:tric-r t!rnal-e 

Steel 

14.3 
12.8 
I 1.9 
11.1 
10.5 
10.0 
JO.r. 
9.2 
8.8 
8.4 
9.1 
7.8 
7.1 
7.5 
G.9 
R.2 
6.5 

-- - r-------; .-
I 

Pt• rt r ut a~f" 

Totnl I lkp;r""'!rd by 
F.1f•(:t ri('-Ftl l 111 ( '(' I A1ll'ro\'('<'-<"S, F.lrll l ic ~ Fnn~o~ ("e 

~ Sl'.'(' l 1n<.1uJmc:El • f'trf r. Str(· l 

I ]!{j:?, 6,7'1 ') 
1951 7. 1~ :?. 

1930 G,039 
1CJ-l9 3,783 
19~8 5,057 
Wf7 3, 7 .<;.~ 

19-W 2,5(>3 
1945 3.~.57 

1 9~4 4.238 
JY-13 4,.'i89 
1942 3,!:J75 
19-ll 2,!3G<J 
HJ.JO I 1. 700 
1939 ,. 1,029 
l!l'38 .'iGG I 
19.37 9~ 7 

]\J:\.'5 I wr-; . 

<).'3.] (,1) 
10'>.200 
Df>.83G 
77,978 
8S,6-JO 
8 l, liCJ4 
G(i,(;()J 

79,70:?. 
R'l,G~2 

R''l,-'137 
sn.mz 
s~ . S-39 
(iG.%3 
52,799 
31,i.'i2 
SG,(i.'37 
5:3,500 
3 .'~ , 1 8 1 

~93G . !)(~) I 
----'------~----

I 

I 

I 
i 
I 
I 

7 .. 1 
13.8 
0.2 
4.9 
5.7 
·l .5 
:3.8 
4. -l 

4.7 
;-.,2 . 
4.6 
3.5 
2.5 
1.9 
1.8 
1.7 I u 

I 
j __ 1.(} ···- --

'" From .\ nnH :tl Jl eport~ of .-\ mcricm • Iron a tHl Sted Imtit ute. 
' ' ' 1lH: figu re~ inc·ludc only th:t! portion of \h(' t•a p:tdly um! production of st eel for c::<t ing;; nscu by fmmdrics \\'hid• were opt•r]tcd by 

c:<' mpanh" aho p~o<.ludng rnw slt'cl for subsc<JI ICtl ! prot·cs,.ing iu to ln o::c;h t-stcclprnduds. 
\J.I 
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s o constn c t ed t hat it could b e r ocked slightly to agitate the b ath~ 

and wa . .s h ea ted by arcs from horizontal e l ec t rodes ( 3). 

I n 1900, Her oult made cha nge s to his furnac e to adapt :i.t 

to the melting of steel, flnd in 1904 i nst alled the first single 

ph ase e l ec tric s teel fu r nace i n the United Stat es o 

Girod (3) produced a furnac e i n 190 L~ 9 with a conduc ting 

bottom acting as one elec t r ode . 

J,indbJ.ad of s ~.Je en i n 1910 , i nvented a fur no:C(~ h a viDS t\11.;, 

or or e el ectrc.des a t t he t op nd one :tn t he bot tom ~ the circuit 

beir~ made th ro lgh t he heated refr actory (3)Q 

Nathusi F.i ( 3 9 !:) put a f urnc.ce i. ~. operHt :i on :tn 1911 , 

ope r atir:g on t hree phases , each p 1ase ce:nnec t ed t o a vr~rt :i.c ul t op 

elec t rode ·tnd a bot t om e l ectrode . 

Renner f elt ( 3) i n 1912 de vel <Jped a design operdi n5 on b :o 

p}H:J.S C; <3 1 \!lith t t;o i nc lined €·1ec t rodes ~ e.nd one vc r t. :'t..cul be t \·J·3en t hem 

t.o f c :cc.o t he a rc do\·m;-mrds a gai nst t h e b a th. 

I n 1915. Greaves Fmci E'i;chellc: ( 3) i n t:l:'oduccd. a furnac e 

us:~tlg t!u·· ,~~ ph::1se c u.r:cent s 9 \:ii.t h t\·Jo p. ases enteri :og t hrvut;h vertica l 

t op el!>;.<~ J.'O ... l €H3 t e..r·.i t he ·i;hird t hr ough a bottom elec trode ~ the 



(a) Siemens 

. ----

(c) Rennerfelt 

(b) Girod 

electrodes ~ 

I 

I 
I 

Fig. 1.1: Early Designs of the Electric Arc Furnace 

5 
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Of t he mat~J' d.ee-:~.grts, only t he three ~· p ms~;" Heroul t f urnace 

b :u;; stood the t est of time, a r.d evolved F1S a steel producing tool 

~omparable to any other. 

lo"'l.g . 1.1 s hews s ome of the many con figurations of the 

ea rly electric arc furnace. 

1.3 OPERATION AND CONTROL OF TRB ELECTRIC ARC FURNACE 

As a result of techn olot,oi.cal progres s, petter time 

utilisation and i mproved refra ctories, the electric arc furnace bas 

lll9.de striking progress in the last decade 1960 - 1970. In the early 

50's, t h e advent of the basic oxygen proc ess a nd the t~e of oxygen 

in the open hearth with productivity rates of up·t~ards of 200 tons 

per hr oa de electric furnace figures look rathe r- poor. The n~w 

concept of Ultra High Fewer (U.H.P.), introduced. in 1961• by W.E. 

Schwabe (4) and associates, g-ea.tly increa sed productivity of 

electric furnace steelmaking. 

The basic idea of U.H.P. operation was to increase the 

po·.:er i 1.1put to the furnace. T"nis io coupled \iith better time 

utilisation and careful scheduling of mate~-ials and seniees. 

Table 1.2 gives a chronological evaluation of a 150-t~n electric 

arc furnace (6). 

As explained above, the design of the niodern electric arc 



TABLE 1.2 

CHRONOLOGICAL EVALUA1'ION OF A 150-TON ELECTRIC ARC FURNACE 

l' erj.od Transformer Fo'1..1er Power Kilowatt Tons Changes in Operation 
Rc:t i n.g I nput Factor Hours per per 

HVA W,.J Ton Hr Day 

1956 25 17 o .. 8o+ 5;Q Z? 650 I ncreased time 
utilisation 

1<)57 25 20 0.75 550 31 7;1:) New Powcrline 

19.53 25 23 0 ')C" 
• ' ::.:> 500 35 850 Power facto~ reduced 

1959/61.~ 48 34 0.70 490 46 1100 Addition of water 
cooled cables and L!-8 

MVA t rar.sformer 

1964/ 66 8o 52 0.68 48o 58 1400 New 8o MVA transformer 

1968 8o 52 0.64- 1.,30 63 1500+ Increased power demand 
and low power f actor 

...:! 
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Fig. 1.2: Electrical Suppl1 System of an Electric Arc Furnace 
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furnace is exclusively Heroult, a nd has remai ned basically unchanged 

sine(} its inc(~pt :ton . The prind .ple cf operation i s rather simpl e . 

The fu rnace i s charccd with sc.~rap iron a nd steel , and an electric 

arc is struc t b'etr1een the carbon electrodes and t he charge . The 

electrodes bore down i nto the s crap, melting it f r om t he botto~ up 

by r adiation . During t his mel tdo~;m pc riod 9 the t.ddeunllc:> are 

shieldE!'d from t he destructive radiation and are not as qulckly 

consuma d as i n the previous des igns . .F'or efficien t r n cHa Unn of m:.-c 

heat, the furnace i s operat ed on e. long a rc during t h:tfJ r..1el tdown 

phase . 

After rr. el tdovm, when t he l~alls are clear of sc 1;' P v t:.1o esc 

l e11gth and po\..re r are reduced to minit:~ioe t ho f ormation of ' hot 

spots '. These are extremely worn areas ca<.scd by the prolong •d 

expos ure of t he sidev;alls t o the arc aft.er mel t dm·m and appc;a r t1llE:re 

t he side\~all is near(:s t to t he a.J.:.' C. 

Refining of tha mol ten mctaJ. t hen takes place under an 

appropriat e slag . It ia t he ccn trollnbilit · of slag i n t ho electric 

nrc furnc;.ce tha t s -~ts t he rn~ •C0SS apa!:t fror-:~ tb! ot11er c onv t:ntional 

r.lethods (2 ). Hhr;-·rens , J.n t he i nduction fur~ac e , a nd ot.1c :::· me t.ho-.."ls of 

eteelr.ia .ing ~ t h e> c orJposition of the .?irdshed product :l.s dependent 0::1 

c::ar·<~ :ful se:t ...-~ ctiou xf r aw ma t erJaJ.s s i n t he arc furnace t lds is don0 

by t.>la s c c :.... t :.:'oL Tt:.e s J.t;!g !:Ja y b0 r.1a clo o:.:.:id.i::s i ns or redncil'lg a o 



1.0 

·Pe:z·cent 

I 

100 

8 

\ 

6 6o 

4 

2 

0 o~----.----a)·,----.----~·~-~--r---66~L-~L-~8b~1 ----~---l~b-o---- 0 

Electrode Current (Kiloamps) 

Fig. 1.3: Power Characteristics of a 150-Ton Electric Arc Furnace 
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Dur ing this pa:ciod it i s very benefic i a l to the quality of 

the fi ni shed produc t if stirring or agitation of the bath occurs , as 

in addition to producing homogenizat ion , H promotes the nec essar-.-r 

chemical r eactions (5). The c h mistry of the final produc t i e 

det ermined through s l Etg contr(ll. The thermal energy i np\..'t cont ro l 

is Yia the arc it st~lf ., 

A..fl mv:1ersi:a,nding of the electl~ical operntion of the fu:cnac o 

demands a knoHl edgF: of t he properties of the arc and its ttssociEJted 

c ircuitry. Fig. 1.2 sho\.'S a diagram of t h0 entire clec tric nl c:i.rcuit 

of an arc furnace . Thou h the arc i tsel f is purel y r0 r;i 8.tivc r its 

volt nge across it., To operate stob ly i t}-, o circ1.~.:a c oni:.r·1 :i~T.i.ng the ar•:. 

should have sufficient react ance to make the vo1t-;•,;,;pe;·ces 

cha r C?.cteris ti·:: of t he t otal circuit a ric~ng c; h:;.r ;-;;~ ter~. £· t: ·.lc ~ I n 

suff:i.c i ent , but i n emallcr versions ~ c.dd:i. ·:;ioLr.:tJ. rc :::.~ t e.nc e:: r1m.st bo 

added . JPig o L3 shO\."lS t he pm-.·E~r character:i.Gti.:::: c:; of v.n r.J.ectric 

fur nace a 
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There are t wo basic secondary designs to be considered. 

Thes e are tha coplanar or side by side arr.<!ngement of c onducto ro 

(furnace pre-1970) and the equilateral triangul ation of conductors 

( the modern a rc ftlrdace c onc ept). Triangula t i on of elec trode ur .1s 

and al~X• of the flexible \:: ter-cool ed c o.bles c onnec ting tho el0ctroio 

arms to t he f urnac e transfoJ:'iiler m:tnimises~ though not c omple t ely 

e:liminates unbalances in the s ecolY a ry circuit e The elec tJ:·odes als o 

ent er the furnace t riangulated~ such that; the i maginary lines 

joining their c antre s fo rm the s i d e s of a n equilatera l t riax .-.t l e . 

Automat:i.c el ctrode po s itioning mec hani sms s erw'! t n rr.us~ 

and lower electrod e col LlDB i ndependently t so as to Jilaj_ntui n e.n 

a r c at th e po wer level nel ectc , Q ana to r aise the el ect ro(lcs t o 

clear the top of the shell for charr;il:g . i'1odern furnaces are or th e 

r oof cha r gc·d vari ~ty f.nc may be charged t Hice or thr:i.c {' t .::-. 1:c.h 0'"Ye 

f ull (!apn-~ itye The furnace roof is r n:ised &.'l'l mmng a sich f o r this 

phase . 

Al .ost \ .._thout exception ~ th e d esign of every p roposed n e J 

elec tric arc fl!rnace :tnGtf.l.llat ion :lr.c l u es consi deration of' an 

l:\CCcptablo fum:~ Go nt r ol s,y-st.cm. The r oo f of the arc furnace usual ly 

cont a i nB a fume <n:haust v.perture connected t c• an e.J))WOpr i.ate exha 1.1st 

:;;y st,~<.:1 e Sinc e oil' pol ut :l.on c odes vary :cl':zi onully e t ho e:dcnt. o f 

fuma co :U.ec t i on a nrl diopo GD.l is <! ep0nd ~nt on t he l ocat ion of t he 

f1.1rn~ce Drld prevai:l i:ll.g <: 01 ·~F;., Fi[~ · 1 ~ 4 i lluctrntc:·;:; th~~ r::or:.r•t ruction 

of ~- ~:od~rn H.;;,'i:-o t.\ l t -l ectric arc furnncc~o 
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1 ,4 AIH AND SCOPE Of' THESIS 

The electric arc furnace utilises the heat radiated fro m 

t he arcs to melt the charge in the furnace. The arc, bei ng a stre~m 

of hot ioP~~ed g~ses , o r a plasma ~ is also a good c onduc tor of 

elec tricity, all ovJing c urrents to flo\tr from the electrode s throt\gh 

t he chnrge. The s e c urr ents in t he molt en charge produce elect.d.c 

and magnetic fields, v;·hich g ive heating ( J~a-) and stirring ( J x B) 

eff(.<cts. 

This e ditional heating effc.-c t ia ue ll kno'\t!l in arc 

furnace techno log-vr g but its value or r elat:l.ve va l u e i s unknown ... At 

present H is eGt in~a.ted to b e s mall in t erms of th~ heat input of 

t ha arc: . 

The na-:;ura l stirring t ha t occurs i n tl:e c rucible is also 

well known 1 and c.ometimes e:<ploi ted.. Hi.gh current opm.·ation of th e 

arc furnac e has been. termed the poor man ' s induction stirrt}r. Tho 

magnitu e and direction of thes e stirriHg forces are a3ain a matter 

of ropectll ation, 

St:~rriPg produced by a ny means in the electric arc furnac t:: 

i ~ r;; ~t G"dJ..urg:'Lc a 1J.y bcnd i ci0.l to the fi nal product, as it produc es 

ho;.;:,~ [_; cn:L.:ty ~Y.~d pr or.::>tcs ·tho chciitic a l re c.1ctions i mport 01nt a nd 

n{,c cssory t o t he r efi ning p1·occs::.:ea . 
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At the present time , 'i.f stirring is desil'ed, a t~o phase 

i nduction stirre r is <Wai. l P..b1.e. Th:ts c os t l y dcv:ice ia mounted at th~ 

bottom of t he furnace , •.which me;:;.ns that t he bottom of t he furnace 

shell must be made of non- magnetic stee L Th e i nduc tion eti r r er 

w·orks o n th.; principle of th~ linear :i.nduc tio:1 ::1otor , and for 

adr1q~l~~te penctrat jon of t he field :Lnto t he furm:,ce 9 r equires a 

specia l power supply of 0.7 - LO hz ~ 

The problem of current distr·~.bution and n tal movcue11t has 

b een examined i n d~tail by Alo.(:!n (7, 8) f or t.he chE\nne l-typo 

i nduction f urnace. 

Russian literature (9, 10) i ndicated t hut similar study 

hns been undert.-1ken for the sn •mergen e~rc f urm.1.ce 9 though the 

t reet ment ·-rlp<:&rs to b~ fat' J.csc rigor.JU.1c The coreleGs i nduction 

furn~.cc b aa nlro r eceived full t re3tment i n thi"' rceard by Lavers 

( 11) g 

The pro::.Hmt i nvestigation. involves a d r:1i l a r st\dy of the 

electric e:rc furnace . Sine e no slmple annlytic a l sol ut :.i.on at 

present is 1Wa.i1able for the r;eooebj' of t he electric arc furne.c e~ 

the ru~:·ttod c hor;cm \;ras ana logue . 'l'he B.uthor h0 \'10Ver t estimates t..hat 

use of tri- polar cy.::lindrical c o-ordinate systeLl could y:i. eld good 

r esults ,, A c or.iput.er progre.m presently i n d evelopment based on t he 

t:d··po l a r sys t m h nr:> predict .;3. th o bat::ic current distribut ion 
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pattern . Further r esults of this effort would be r eportt!d at some 

future date. 

The aim of the thesis is to measure the current distdbution 

i.n a suitably chosen model of the elec tric arc f uruace , and to observe 

the intensity and extent of fluid moveuent for different elec trode 

configurations 9 ith a view to exploiti ,g the in.herent stirri~g efft:ct.s., 

Any other effects, exc ept th0se directly influei1Ced by 0r 

related to the current distribution and metal n:ovem0nt are b eyond th e 

scope of this thesis. 



2.1 CHOICE OF HODEL 

CHA.Pl'ER 2 

DEVELOPMENT OF MODEL 

No knot.'!l mathematic a l model exists a t the present tirne for 

the electric arc furnace. An a nalytic or numerical solution was 

therefore not yet applicable. Tha method decided on was a strei.ght

forward analogue one. 

The analogue mod el presen·ced many alternatives. One was 

the use of conducting paper to model the furnace in two dime~sions. 

Another Has the v.se of an R-C network with sufficient elements to 

suitably approximat e the continuum. This model could then be 

completely simub.t ed on a. digital computer. These alternatives 

however suffered froa the disadvantage that digitising or reducing 

to two dir.umsions introduced errors. 

The best model was considered a three-dimensional one, 

usi~~ a conducting liquid to simulate the molten metal. Because of 

the high temperature (~ 2000 °C) of the electric arc, an actual small 

scale, working model of the furnace was considered unsuitable. 

11 
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In the model finally chosen for l aboratory use, mercury 

mod~lled th.e liquid steel, and all measurements were conveniently 

taken at room t emperature. T'ne el ectrodes were modelled by copper 

.rods vhich were bright chrome plated to prevent contami nation of the 

mercury. '.I'his ~;~-as considered an i mportant step , since it was 

ur:..known to \"::C.at extent dissr;l ved metallic impurities could change 

the elect1:'ica.l conducti.vity of the mercury, a. parar.1eter en \'lhich 

subsequent scaling in t he model depended. The ~lag cover 011 the 

P)Olten st ,~el was simul nted by a layer of dilute (5 percent) nitric 

a.citi en. the surface of the mercury. The crucible was modelled by a 

circular dish whose inner contour was a section of a sphere. 

'l"his was !!lade from a single slab of' plex:i.glass machined out to given 

specifications , especially for this :i.nvestig-dtion. 

2.2 SCAI.ING 

2 ~2. 1 DHIENSION SCALING IN MODEL 

Previous work (7, 8, 12) has show~ that one important 

pa~ameter in scaling is the skin or penetration depth which is the 

depth below the surface of a good conductor, in which electromagnetic 

fields established at the surface, decay to 1/e of the surface value. 

The solutions to both the current distributions in 

infinitely long cylindrical conductors, and inffnitely large 
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rectangular plates have been shown to be dependent on the r atio 

~b (12). Here xis a lin~ar dimension, and 6 is the skin depth 

defined by 

•••••••• 2.1 

where f is the frequency of operation and o and ~ ~ the electrical 

conducti\~ty and perm~ability respectively of the medium. 

If the model is to exhibit an identical current and flux 

distribution to the actual furnace, then, in addition to possessing 

geometrical similarity, it must possess the same ~o ratio. This 

gives rise to EUl electromagnetic ,scaling criterion 

•••••••• 2.2 

(where H and P r epresent model and prototype respectively) , defining 

the parameter constraints for similar current distribution in a 

device and its electromagnetic model (8). 

2.2.2 E'LOW SCALING 

In the discipline of Fluid Mechanics it has been shown U3) 

that two flows are similar if geometrical similarity is maintained 

and certain dimensionless parameters and variables are the same, 

regardless of the size of the flow pattern. These parameters are 
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the .Reynol ds Ntl":lbe r-, NR' a.'1d t he. J?roude NUlllber, N:r .. • 'I.'he Reynol ds 

Number i s a measure of th~ r atio of the inertia t o the vi scous 

fo re a and is defi ned as 

•••••• · •• 2.3 

to~here p i s the mass densi t y, x t he linear dimension, V t he velocity 

and 2/ the dynami c viscosi t y of the fluid. 

The Froude Number is a measure of the r atio of inertia to 

t he gravity force and is defined by 

2 = (V /gx) •••••••• 2.4 

where V is fluid velocity, g is the acceleration due to gravity, and 

x t he linear dimension. 

It has been further shown (13) that only certain of these 

·diMensionless parameters are important for a given flow, and the 

fact that all the parameters cannot be made the same does not matter. 

In this type of flow, gravity is unit:.portant ( 13) and the model flo~ 

becomes a function of the Reynolds Number only. 

Hence, in modelling the flow, we can set 

•••• 2.5 
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i.e. the moJ.el (M) and the actual furnace (P) should have the same 

Reynolds Number.. The modelling, strictly speaking, may not always 

be exact, because of the inherent limitations i.u scaling a situation 

that depends o:1 several physical quantities. These physical 

quantities (electrical conductivity, viscosity, density, etc.) 

cannot be selected ir..dependently for a given liquid, and corupromises 

have to be made. For example, mercury chosen here for suitability 

with regards to electromagnetic scaling, does not possess a 

sufficiently high uass d~nsity to viscosity ratio to sirnu~tat~co1 . .!Sly 

model the motion of liquid steel. Ho>>ever, the results obtained 011 

the model should still lead to a bette::- understanding of f1m.; in a~1 

electric arc furnace. 

2. 2, 3 THERW1.J:, SC A.LING 

The smrce of l:'.eating in the furnace is the electric ere. 

Since an arc has been disp-3nf>ecl with in the mod€~1, no thermal effects 

are taken i.nto accc.unt, excc.pt those caused by the passD.ge of the 

elcctrl(; Ct4r:ccnt throngh the metal (J2/a effect)~ It is here a~~sumed 

that the {n..,,_rrent distr:i.butlon (and also the f1cH) is temp:~l'<J.tt~rn 

independent w c-;.nd the hoating and r:tetal flo·,., by current i:o tho 

model i.s corrospondi·1gly :r-CJproduced in the furn&ce. 

The b.t;t~j.s of justification of the above assu:nptio:1 regardinz 

current d.i.s~;rU::ut.ic'n lies 5.n H·lxl.;ell ~.s equations, '<.ihich arc 
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VxE 
an 

2 .. 6 :: a£- •••••• 

VxH= J + 
an 

2.7 at·- •••••• 

v • J = 
:!g_ 2.8 at ~ •• # •• 

V. B = 0 ....... 2.9 

Here, "T mny further be e>:pressed lll'l 

J :: o(E + V x B) ...... 2.10 

Thcce nquat:i.on~ deocl'ibe the ~lectror;a~nctic field, and are tompern.tu:t'c 

depert<.~.ent only t<~ the extent to uhich th." x·el(W>:1.nt pJys:tcal })'COparties 

are tempe:x~a.turc dependent. The on-ly strong function c•f t.r;r.:peratur•:l 

here is tl1e el~ctrical condt.K~t:.viiy cr, "':hose tempero.tr·xa va.riatiotc1 rtaj" 

be er<prozsed as 

antj a 
2 

:ta tho ten;poratu:re co0ffi~ient of col:.duci::ivity s.t tGmpara.ture 

T .. .> dog1'toe.:1s cc-!':~~;~~St;::;d~~,. 
t;;. 



23 

It shoul d be n.o t ed however. t h at oM is known for the model a t ita 

temp~rature of op er &t ion, and op for the prototype , also at its 

temper aturti of operation, hence a11y sc aling of current distribution 

111hich includ~s this parameter should present no difficulties. 

Pr~s~rvation of similarity of flow depends on the Reynolds 

Humber, HR. Here, as aboYe, the variable par ameters density (p) and 

viscosity (y ) are known in both cases, at the particular opt>: rating 

t emperatures. Rela tion of flow in the model to that in the furnace is 

thus pos s.ible. 

2.3 DESIGN CONSTRUCTION AND OPERATION OF l-10DEL 

2.3.1 DESI~N 

Having decided on a smell scale model of the furnace, there 

still re1n::.ined an important choice to make - that of size and shape. 

IJ.terature requested from manufacturers of electric arc furnaces, 

yielded some idea of ·furnace diameter in relation to capacity, 

though this varied somewhat with the manufacturer. Observation of 

this variation has led to the development of a s,ystematic method of 

the optimal design of electric arc furnace shells, which take into 

consideration the densit1 of the scrap charged and the number of 

charges to the f~rnace. Application of the Calculus of 

Variations to the present geometry of the electric arc furnace 

indicated that the hearth should be a section of a sphere, and 
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400 1000 10000 

Frequency hz 

Fig. 2.1: Diameter of Furnace Hodelled in Relation to Frequenc1 
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established its centre and rudius of curvature, depth and diameter 

for· a given metal capv.city and scrap charge density. 

With the shape decided on, the next question to be 

answered W8\S \/hat size the model sJwuld be. Using the electromagnetic 

E'>Caling criterion expressed in equation 2.2, and taking into 

consideration tho totul volume and weight of mercury required~ it was 

decided to use a model of diameter 1 ft (0.304 rn). This represented 

a 1-ton furnace at 4oo hz and a 100,-ton furnace at 8.5 k.~~;:.. The 

hearth depth Has 2.7 in (0.0687 m), and had a capacity of 2.65 litrce~ 

(which for mercury <<'eighed Bo l.b ( 36.2 t'5))., Fig. 2.1 shews the 

variation of the diruJeter of the fur11ac e modelled vrith frequen::y. 

Table 2.1 lists the physical properties of mercury and liquid steel 

relevant to the: design. For current density measurements a filament

type current density prcbe devised by Alden .:md Burl~e \'las ~bosc:n. 

Deto:Us of probes used are: given in Table 2.2. 

2.3.2 CONSTRUCTION 

Hearth: The hearth waG constructed from three it:ch (0.0763 m) 

thick plcY.iglaBs. A slab of the IM.terie.l about fourteen ::i.Eches square 

(0~356 m square) \W3 first rr.::1.chined out into a c.hort, right circular 

cylinder1 then the spherical dh·ll representing the hearth rnachin•cd out 

to desiga specificatio£J.u. S:i.nce a c~rl_i_r,,drical zystem of r,;~asuremcnts 

::•eemed nppropd.ate~ the side of the hearth \:las gnduated in degre,es in 
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TABLE 2.1 

PHYSICAL PROPERTIES OF 11ERCURY AND LIQUID STEEL ( 8) 

PROPERTY MERCURY LIQUID STEEL 

Helting Point -38°C 1535°C 
oc 

Mass Dons:ity 13.5 ?~84 

p r.g/aJ; (at 20°C) (at l535°C) 

Eleetrieal Conductivity 1.01 X 10 
6 

0.49 X 10 
6 

o mho~n (at 50°C) (at 1535°C) 

Viscosity 1.55 X 10-3 4.0 X 10-.3 
2 n sec /m (at 20°C) (at l535°C) 



PR02E l'.ATERIAL 
l\1JHBER 

No , - .. Stainless 
SteeJ. 

II{£ 2 Copper 

No .. 
- ;J Copper 

TABLE 2.2 

FILAMENT-TYPE CUR..liENT DENSITY PROBES 

FIW!EI~ FILA111!:NT INSULATION 
LENGTH DIM'l..ETER 

(em) (crJ) 

0.3.54 0.0356 'Eccospray' 
Pb-5 

0 .. 5a:> 0.0457 Er.amel 
(N2 26) 
A.i:J.G .. 

0.497 0.0457 Enamel 
(N.£ 26) 
A .':J.G. 

Frequency (hz) 60, 400, 1000 

Skin Deyth (em) 6.5, 2.5~ 1.6 

USE 

Heasurement of surfac~ current 
density in three-electrode model 

Measurement of surfaco current 
density in four-electrode ~odel 

Heasurement of variation of 
current density with depth in 
both models 

1\) 
-...1 
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the intc:..·val 0 - 90 degrees. A fibre ring fc·.shioned to revolve 

s~~othly about the top of the hearth, was marked into four quadrants, 

and equipped with a probe arm of variable radius (the arm being 

graduat<::d in terms of distance from the centre of the hearth rather 

than the edge). Fig. 2.2 shows the construction of the hearth and 

the calibrated ring. 

Current Density Proba: For current density measurements, a 

filament-typo probe was used. This enabled the current density in 

the model to be measured in magnitude and phase on an oscilloscopee 

In construction9 the probe consisted of two insulat<;d 

lengths of wire tightly twisted together, except in the last inch or 

t\>10 at both and{;. One end was electrically connected to the input 

ter:.ninalB of the oscilloscop•3o At the othe:r Em::1" the individual 

wires were: bent at right angles to the twisted pair to form a T. The 

length of the filament is the dintance r.w:::wurcd e.cross tLe top of tht! 

T. 

To measure current density, the file.r;;ent is placed. in the 

desired region of the liquid and rotated to gj_ve nnximu;.;; signal on the 

oscilloecope. In this ccndition, it is aligned \·lith the current, and 

the relationship bet\>:een tho probe voltage V and the cu1•rent: density 

tT is g:i ven by th€' expression 

.. ·~; v •.. )'..<) (J ., •• .,.". 2.,12 
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where o is the conductivity of the liquid. For the p1·obe to be 

accurate, the filament should bo suffid.ently short that current 

density can be cousidered consta.nt: along its length. As a 

compromise, filaments \>Jere cut so as to be as short as possible, 

yet sufficiently long (about 0.5 em) to give e.dequate output 

signal. For good resolutio1l 1 filament insulation should be thin, 

and diameter small in comparison to skin depth. The details of 

probes used are given in Table 2.2. 

I11itially, a stainlc.:ss steel probe (N;?. 1 ir:. Table 2.2) vas 

used in the current density l!:leD.surcments, since stainless steel is 

not corrodE,d by the nitric acid modelling the slag or the mercury 

modelling the mvlten metal. Nomentur·y loss of contact betvreen this 

probe and mercury, as r;ometirncs occurred dnring adjustments~ mt•de 

cleo.nin8 of the probe necessary. This was accomplished by bru'Jhing 

the probe tips \rlth fine e1.1lery paper, imn:ersing in a dilute sohttion 

of' phosphoric acid and quicltly returning it. to the mercury. Thi.s 

problem \>as found to be due to inherent contact resistance that 

cxistB bot\:een lilE•rc ury and stainless steel, and sto.inless steel 

b"ire wo.s replaced by copper. The copper probes seldom required 

cle&ning, but 1·equired washing after u:;;e to prevent corrosion by the 

acid. 

For rigidity v.nd Cf.\E-~ in hand ling, a 5 c m length of th c 

twisted leads neur the fil::tme~lt vms mounted inside a ljL~ inch 
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(0.00635 rn), drilled rod. !o~g. 2.3 illustrates the construction of 

the current density probe. 

Probe Arm and Holder: ~he probe arm vas made of stairuess 

steel rod, 1/4 in (0.00635 rn) in diamater and 12 in (0.305 ~) long, 

and \"las graduzo.ted in 1/4 in (O~Oo635 rn) steps., It wa.s designed to 

slide smoothly, without play, through a hole dr:i.lled in a one inch 

(2.54 em) thick plexicslass block, and could be secured in any 

position with a acrew having a knurled head. As explaine:d above, the 

entire probe arm ~Jas attachfJd to and rotated \"lith a circular 

graduated Ubre 1·ing fr-ee to rotate .smoothly about the top of the 

hearth. One end of the probe arm \"Ia;:> threaded into what may be 

termed the probe hold~r. This consisted of a teflon cylinder 

exactly 3 em (0.03 m) in circumference, about 1 em (0.01 m) high, 

and with a hole 5/16 in (0.0079 m) in diametel.' centred on the 

verticnl ru.."is.. The probe \ilas :free to rotate about a vert:i.ceJ. axis 

in the 5/16 in (Od0079 m) hole and was fitted with a pointer. 

Centimetre gra1)h paper attached to the 6 em circumference teflon 

cylinder, conveniently divided u.p the cylinder into degrees and 

enables the measurerr.:mt o: the angle of rotation of probe to ui thin 

6 degrees of arc. 

Electrodes: !Il. the mod'3lt chromeL~rlatcd copper rods 

model th•.: eler;trodec. These \'tere 3/8 in (Oo009l}2 r:l) :i.n diMJeter arv:l 
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could be moved in a vertic a l plane to s i mul at e t he lo •~Vering and 

r aising of the electrodes in the actual furnace. While the 

actual fur nace current enters the liquid metal via the electric arc, 

in the model, t he electrodes are in const ant ele ctrical contact with 

the merc ury to prevent an arc. In a real furn~ce of 1 ton (1016 kg) 

c apacity, the electrodes are about 3 - 4 in (0 .0762 - 0.1016 m) in 

diameter. In the model, the electrode size to scale would be about 

1 in (0.0254 m). The di ameter of the arc where it strikes the melt 

is unkno-rm. Research in this area (15) show photographically that 

the diameter of the arc is less than that of the electrode, hence 

the size chosen was conoidered a good approximation. 

The electrodes were movable along the electrode arms, a.nd 

were adjusted so that the ratio 

••'-'••••• 2.13 

where RC is the radius of the electrode circle and RF the radius of 

the furnace. Current literature (15, 16) indicates that this is a 

common ratio. 

The electrode arms were connected to the secondary of the 

furnace transformer by flexible, ~ 10 A.W.G., rubber insulated 

conductors, which were twisted together to minimise pick-up by the 

probe. 



The entire system to ·this point was enclosed in a fume 

chamber because of the toxic effects of mercury. The exheust fan 

was kept continually in operation to rcmov·e mercury vapour pres~nt 

and care '<Ias taken to minimize ~~pills. Rubber gloves were worn as 

often as possible and direct contact beh;een mercury and hands 

avoided. 

Three 3-inch lengths of threaded brass rods, acting as 

lead-throughs, vwre passed through hoJes drille:d in one wall of the 

fume chamber. These cormee;tcd the flE-xible C(.·nductors attached to 

the electrode arms :i.uside the chali!ber to the furnace transformert; 

mounted outside the che.mber. 

Po\'l'er Supply; Init~!.ally the })O\'<'er source w;ts three-phase, 

four-~.'i.re, W hz: (laboratory sttpply) mvi 400 hz ( ~pocial generator) 

at 2;/J volts line to line. This p~n1er nystcm, shoun in Figs z.Li (n) 

consisted of 

( 1) Three single phase variable volt<1.ge transforn:er-s 1'
1 

~ T 
2

, Ty 

'I'hese served to adjust for equal current ln each phase. 

( 2) One variuble voltage, thrnc-phase transformer bm:ili: (3-;5 variac) 

T4 • This v:as used to adjus-:; the cu.:crent level in each phs.ec 

sinmltaneous1y, for conv~ni~n<:c. Since T
1
-T

3 
control t.he voltaee 

level at uhi.ch T4 operata, adjustment t:ould be made for smoother 

operation., As the furnace t:ranf!formers \o/ere e..J.wnys short cdrcuited, 

it was d:i.fficult to set tlw curr:"nt levels to a prcclotcrmineJ point 
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using T4 alone. 

(3) Furnace transformer T
5

, T6, T
7

• These consisted of three ~ingle 

phase transformers with primary j.n Y anJ low voltage, high current 

secondaries also in Y. Each trc:msformer secondary was hand-wound to 

deliver about 200 amps at around 3 volts. 

Current transformers were inserted in each line to monitor 

the current in each electrode. The entire power supply system was 

mounted about 3 ft (1 m) verticl~lly above and abo~1t 2 ft (0 .. 61 m) 

m1ay from the model to mintmise proxir.dt.y effects. L9.tcr, a three-

phase, va~·iable voltll',ge (0 - 2?/J volts line to line), variable 

frequency ( &9 - 10 kh7.) po;oJor supply tw.s available. Siuce the 

output voltDge in each phase was adjustable, only the furnace 

transformers T
5

, T6 and T? were required. The new pO\"Jer supply :i.s 

shown in Fig. 2.4 (b). 

:F'.ig. 2 .,5 shows tho assembled ucdl)l in the fume chamr;cr. 

Auxillary Apparatus: Previous observen1 of mcrct~ry flow in 

111odels (8) noted that a clean mercury ~:mrface soon becmue covcrG:d 

with an oxidised skin, even \'then under a layer of wate:c. Any fluid 

motion occurrir;g in the mercury took plnce under this sldn~ and 

could only ba d.;t<"ctcd by the slight r·iprling effect cn.used. As this 

was tmsatisfr::.ctory for velocity l:leasurcn;o~t:c., the r::::rcury had to be 

freqw:mtly clEH::i.ll0d. Attc1pts to cl~~<.:n cnly the surfac<:J did not 

yield good l'"'~;ults, and the entire bulk of tho mercury had tQ bo 
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Fig. 2.5: Model Assembled in a Fume Chamber 





Cleaning conoisted of running a thin stream of mer.;ury 

through a long, verticc.J. coJ.umn of dilute (20 percent) nitric acid. 

The acid solution had to be made up using distilled water, as the 

use of tap water caused the formation of white insoluble chloride 

of mercury, as much a nuisance on the surface as the skin. As 

hand pouring through the cleaning was both tedious and hazardous to 

health apparatus was designed and assembled to perform this~ :F'ig. 

2.6 sho1<1S the assembled apparatus. A stainless steel~ W8-ter-povered, 

asp:i.rator pump was used to lift the mercury about 20 in (0.5 m) high. 

1'hc mercury was then allm1ed to fall in a thin streRrn through tl!.e 12 

in (0.3 m) long cleaning column. ~Pap T
1 

control13 the rate at which 

mercury is raised to be cleaned. Taps T
3 

a.nd T4 control the rate at 

which mercury enters the reservoir. With a cl&1p holding tap T
1 

i.n 

the desired position, if T
1

, T
2 

anJ T
3 

a1'e su:i.tably adjustt~d., thon 

the rate at which the rul3ervoir fills is th~~ s&me tlt. \'lhich r:Jercury 

enters T
1

, and th~ app~:..ratuG does not require constant at t.crrtion. 

Tap '1'4 is used to add more acid wh.encver required. Tap Tr::, norm3.lly 
::> 

closedj may be opened slightly after the mercury otroam res.chc·s tlie 

colum.l. 'f!le bubbles of a:l.r that nm,r enter the coJ.uLm from belmi j 

thoroughly mix the mercury and acid, time yn:oviding more effective 

cJ.en.n:inz$ All other taps ('I'6 - '1.'8 ) c:.rE'! closed during th~.s ph"lsc. 

l"·'·'.".l'C'.'.·,,y· n.',:··.' .. /•·';;:' ""'···l.r.l. m..,"! "J' 1.'" l'''r>C1 to l'effiO"e ffi"l··ct•.,..y ,,,..,,, ~.~~ d ·fl~,·,•n • ~ •'•, ~ .. <A.,J • }.(,,1: .7 '" -•.>_. ~ ' I . - ·~ <<<'.A c;~~.~ • •.. H 
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With this apparatus, the total cleaning time for the qu-antity 

of marcury-used in the projec-t (80 lb), was reduced from up·o'lards of 4o 

minutes to about 15 minutes. 



CHAPTER 3 

CURRF1~T DISTRIBUTION 

3.1 HEA.SUREMENT TECHNIQUES 

Measurements of current distribution in the model involved 

the measurement of three quantities. These were:-

(1) The radius of the probe ar~:t, 'r'.. Thi:s \'!Us adjusted in 1/2 in 

(0.0127 r;~) steps from the cen'i;re, over the rcmge 0 - 6.0 in (0 ~ 

0.1524 rn). 

(2) The poei tion of the probe arm, •g' mee<.r~ured in degrees with 

resp~ct to the po;::d.tion of phnse B cf the electrode system. 'l."ni~1 

was measured over the ent:tre interval 0 - 360 UE!grees. 

(3) The pe:sH:ion of the axis of the filament with resp(.~ct to the axis 

of the probe arm. Th:ts angle, rft wc..ts measured in 6.0 degree atep.s 

over the range 0 360 degrees. 

on a He~;;lett-I'ackard 1200A dual trace oscillos:copG on the 0.1 c.nd 0.,2 

mV/clll scales~ using dlfferentit->.1 i.nput and de COHI1l:i.ng. 

(5) P.i:w.se of pr·obe \"Ol.tege, 1 p '. This was taken wi.th X'<"ls_p~ct to the 

voltage uave fo:>.:m in one phase,. 

r, 0 and /;. 
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Fig. 3.1: Plan of Model, Showing System of Measurement of r, Q and p 
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The probes provided excellent signals which were free of 

noise or distortion. To measure the surface current densities, the 

filament was adjusted to be just under the surface of the mercury. 

The stainless steel probe required frequent cleaning, about every 5 

to 15 minutes, because of contact resistance probl~ms. Copper probes 

seldom required cleaning, but slowly dissolved in the mercury and thii: 

acid. Signal repeatability was in general good, within 5 percent., 

and depended on the depth to \'Jhich the electrodes \>/ere immerc1&d in the 

mercury. However, near the electrodes, where the rate of change of 

current density with di£tanc<:: was large, the ability to duplicate 

previous measurements t~-as dependent also on vertical. alignment of the 

probe ax:i.s 9 its eccentricity and the radius of the probe arr1. 

The probe output voltage ~:as measured peak-to-peak on an 

oscilloscope and tho values divided by 2./2 to convert to r.rn.s. 

3.2 CURREWr DISTRIBUTION IN THE THREE··PHASE MODEl. 

In the three-phase model~ both the s.nzular position G and 

tho electrical phz.se ar•gle f3 were uoasurod 1:1ith respect to phn.c.e 'B' 

of the electrode system .. 

Initia.lly, for a chosen value of r, rH;asu.t'Cl:iente were ttucen 

over the cntir0 ran.g.: of G., from 0° to 360°. Ho;>Jever, it '<l'a:-:; ob.served 
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that the values of ~ and t5 for a given radius were the sarne in the 

areas beh1ecn electrodes (0° - 120°, 120° - 240°, 2lt0° - 360°) and 

- 60 80 0 exhibited syrnrnetry about Q = 0 , 1 0 and .300 • From then on, to 

minimise the number of readings taken, values were only measured 

Since symmetry was fouud to exist e. bout the line, Q = 60° , 

the current density was taken as the average of v&lues equally spaced 

about this axis.. The measured valut::a are given ir.. Appendix C. Fig. 

3.2 sho'.ts the average current density as a function of r and Q taken 

at a frequency of 60 hz. Fiz. 3.3 shows the same, but at a frequency 

of 400 hz. ~"'lwse w~re obtained by f:i.rst setting th(: desired value of 

r and Q, then rotating the probe (vary:l.ng .P) for t'.:.axirJUJil output. on 

the oso:i.lloscope~ Deviatio!l fJ•om symmetry is considered to b~ due to 

tilt and eccentricity in the vertical axis of tha probe, ancl to the 

· electrodos not be:!_llg at exactJy the 0 ::: 0°, 120°, 2~0° positions. 

Fi~. 3.1~ and 3.5 e>hou equal cu.r-rent density contours in the 

model at 60 and 400 hz respectively. These \>Jere obtained by drawlng 

horizontal lines in :ng. 3.2 and 3.3 at J "" 5.0 x 10
4 A/l,P, 2.0 x 10

4 

A/Ff, 1.25 x 104 A/l.f etc and plotting r and 0 in polar· form. 

Fig. 3.6 and 3. 7 sho>'l' the approxir.•'lt{: current stream lines 

at 6o hz and 400 h:.-:; resp:;ctively. This waa obtained by plotting p as 

ohc .. rt directed line segmc;,nts as n function of r e.nd e, then cor1necting 
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Fig. 3.5: Curren. t Density P:;:•ofiJ.es i u Three-Pha.se Hodel at 400 hz 
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method of follo·,,inc the streamlines, as fs done in standard field 

plotting techniques, would be very time consuming in the cylindrical 

coordinate syster:1, as it we>tlld require constant simultaneous 

adjustment of r, p and G. 

3.3 CURR~{T DISTRIBUTION IN THE TwO-PHASE MODEL 

At the present time, no t\<!O-phase electric arc furnaces are 

in o.peration (no mention in current 11t0ratui·e). However, it uas 

decided to examine this electrode configurt'.tion as a possible 

al terna.tive to the three··· phase system~ Tt.~ rero.sonc Et'..'.rrounding the 

choice \'!ere based oa file tal movement in the furnac<1, and uiJ..l };e dealt 

with fully in that section. 

The experimental S(;tup \>Jas the same es bc:fo1·e, C}~Cey>t thHt 

the three-electrode l'l'.ast was replaced by "' fom'-electrodo mcu.;t~ Two 

single phase transformers, each operating on one phase of a tHo phase 

supply, each fed a ps.ir of E:lectrodc.s. 

The three·~phase system hae only one ba~>ic configuration, 

with tuo phase sequ.enceo - Bf.\quence f..,B-c or seqn·:mctl A-C-B 9 giving a 

total of two r<.rrangE?::~ents~ ono a m:!.rror ir:<:.:•.ge of the otber~ 

Tlwse confi(}tn~B.ticns and thei.r mirro:r.' ir::u.ges giv~ a total of G:iz 
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-------

Fig. 3.11: Current Density Profiles in Two-Phase Medel. Electrodes 

of same Phase Adjacent (4oO hz) 
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poss:i.ble arrangcmen ts. 

Fig. 3.8 shows all the possible arrangeL1ents realizable on 

this system 9 which, with respect to the bath, may be regarded as a 

four-phase system. T.he three~phase system is shown here for 

comparison. V is the secondary voltage line to line of the furne,ce 

transformer. 

Fig. 3.9 and 3.10 show resp~ctively the cur:rent distr:i.bution 

for electrodes adjacent and opposite. Fig. 3.11 to 3.14· shm" tha 

approximate o~ua1 Cl.lrrent cC'~ntours and current strf~~rz~1ines 

respectively. 

Current density measu.rerc;ents were taken using a copper px·obe 

(N!;! 2 in Table 2.2). This was substituted for the £->tainless steel 

probe as it did not l'equire frequent cleaning. Current contours and 

streantlines were constr·u.cted similarly to those in the three-electrode: 

3.4 DIS'l'RIBUTION IN 'l'HE FURNACE 

The current distribution iu the model should ,.,.ell represent 

the cur:cent di.st:r.ibution in the actual furnace. The nppl:i.cation of 

HaX\·mll 's e<luation to the .system (Appe-ndi>::: A) .shows that 



----

Fig. 3.13: Current Streamlines in Two-Phase Model. Electrodes o! same 

Phase Adjacent (4o0 hz) 
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or 

where k 

J21I i 
-- = 

= .f.lTiJ!_ 
2 1TR 

2 ?r/~5 

J21 I I r7::;-;;. 
-~v iJ.p.v 

2 iTR 

and I t he i nput ( elec trode ) current . 
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•••.: •• •• 3,2 

.. ,. ..... 3~3 

F.qua tion 3.2 n ot:! cont a i ns a ,•eaJ.th of i nformation. . Thes<~ 

may no·, be at a ted , and arc ; .• 

(1) Since t he medi um i s i sotropic m1d ~:axuell 's equations a re l inet:\r 9 

t hen 

I J I Cl I I J + 12 + • , # + I I n . _ n • • . . . . . • 3,. ~~ 

\":here 1
1

, ! _, I a re t he sources at the bou.'1d<~ri et> . Hence for equal 
c:; n 

sources 

IJ I aN I ~1 1 n 

a nd t he c urrent densi ty in t he meditu-j a.t any given position e.nd 
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electrodes. 

(2) Ji'or a given position and medimn, the current density is directly 

proportional to the square root of the frequency, i.e • 

.... ,.,.. 3.6 

(3) In referring measurements taken in one medium of conductivity o? ... 
to another of conductivity a1 

•• ,. • • • • • 3-7 

Referral of valuef:> mee.::;ured to the e.ctmtl furnace would 

therefore involve tho folloHlng scaling factol'.C :-

(1) Any position (r, G) in the model would correspond to a position 

(C r, Q) in tho furnace, whGre C is the size scaling factor. 
6 6 

(2) The current input to the furnace ie increased by a factor c1 over 

that in the model; whore 

• • • . • • .. • 3. 8 

(3) The current dansity in the furnace is related to the current 

density in t:1e model by a factor CJ' where 

and 
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The only uuknotln quantity here is t he s caling factor CI. If this 

valu~ i .a not kn.own , a r easonable approximat ion to t hia val ue may be 

obta i ned from data made available by electric arc furnace 

manufacturers. Fig. 3.15 shows the correlation between furnace size 

and furnace transformer ratings Fig. 3.16 shows the 

correlation bet\'leen furnace transformer ratings and maximum electrode 

current ratings From thi s available data, Fig. 3.17 is 

const x·uc ted t o show t he rel a t ionship between furnace s ize and the 

current scaling factor CI. It ~ay be noted here tha t IC
1 

is the 

maximum current rating of the furnace trans former, I being the 

current input per phase to the model. For convenience the value of I 

used was 100 amps/phase. 

As a check on the validity of the scaling equations used, 

a.ctual measurements were carried out. Fig. 3.18 demonstrates that 

equation 3.5 is true in the range ta~en. If equation 3.6 is also 

valid, then 

log IJI « t log t .......• 3.11 

and the graph of log IJ I vs. log r should have a . slope oft. 
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Fig. 3.19 sho·1s s uch a gr aph , \llith a lino (shown das he d) of slope t 

s uperimposed. 'I"aes e cttrves, t a.ken at different positions and i nput 

cur rents , f or both the three~ and four-el ectrode s ystems , all r un 

parallel to thiB line and a l s o parallel to a line of slope 1/o . 

From equation 22, Appendix Aj the variation of current 

density J \"i th depth z i s given by 

J 
r 

J exp( .. z/C ) .exp (- j z/8 ) ro • • • • • • • • 3e 12 

\;rhere J is the surface current dena i ty. The vnl i d:tty of the 
ro 

afwurnption tha t J i s constant in the ri:rs t t;;kin depth (a.nd ze1.·o fo r 

z >S) i s dependent on the extent to \vhi..::h equation 3 .12 applies to 

IJ I 
the model. Fig. 3.20 shor s t.he measur ed var·:i.a tion of I J I "Jith z 

. 0 

( s olid lines ) foi:.~ frequencies of 4oO a nd 1000 hz . '.!:b e dotted l i nes 

sho>t the corres ponding ca lcula ted va1ues . These wera obta ined by 

a ssnuing tha t tot a l r e fleGtion of the fi~ld occurr·ed at t he bottomt 

\ihich for simplicity of calculations , wa s t a ken a s a plain sur face . 

I !1cident and r e flected values were a.dde vet::torially to obtain t he 

r e .sul t anL Fig. 3. 21 ~:;hows the measured and predicted vahhA:l of 

LJ - 1J . 'l'ha d E:partu:ce of mea s ured from calcuJ. e:1. t e d values me_y be 
- · 0 ~ 

attributed tc t he fa ct t~w.t the r e fl ection surface is not fla t . 

At l o ,r f r equencies ., or .. t points \:here z i s s rna l l :i.n 

corupari s on t o S ~ t he reflected c omponent is l arge enough to o.ffect 
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t he surface value. Here the val ue of J measured at the stU4 face is not 

J • but the SUJ::l of incident and reflected quantities. The ro 

approxiruatioil is good at points where the reflected field does not 

affect the surface values. However, with this crvde approxi~~tion, 

the maximt~m difference bet'l'le en measured and predicted values is 5 

percent for the magnitude and 12 percent for the phase. The predicted 

I'hase angle [J 
0 

- L.J. is within the 12 percent limit only as far as the 

dotted curve. Beyond this the phase changes to leading. However, for 

both frequencies, this condition exists well after one sk5.n depth. 

Sinc e the probe measured the magnitude of J only when aligned 

with the current, the measurements were taken where the current 

streamlines run parallel to the horizontal filament. Fig. 3.22 shows 

the current path below the surface. Here it is seen that probe 

alignment occurs on lines of symmetry (G = 60°, 180°, 300° in 3-

electrode model, Q = 45° etc in 4-electrode model). 

3.5 HEATING EFFECTS 

An attempt may now be made to relate power densities in the 

model to power de~ities in the actual furnace. 

The power dissipated in a conductor with skin effect is the 

same as the average power loss produced by having the current 

distributed uniformly in one skin depth (~8). At a chosen point (r • 

2", Q = 30°), the current density is 5 x 104 a/m2 at 400 hz. Referring 
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t beso values to a. one-ton. f urnace, t he size scaling f a ctor , C , i s s 

3.7 ( from Fig . 2.1 ), a n.d t he poi n t becomes (r = 7.4" , 0 = 30°). 

For a n r . m. s. c urr8nt density ... 1~00 in t he mod.el (where t he subscript 

r efers to t he f requency , and t he super scri pt s M t o model ) t he 

correspondi ng r . m. s . cur rent d~nsity 60 hz i s given by equation 3.7 

.•..... • (3.7) 

'l'he corresponding current density i n t he f urnace i s gi \' en by 

H 

IJ~ I c 8 60 /J M I 3.10 - I ""F 6o ,. ~ ... .. ., 
bGo 

cSJ·i eM 

CI 
60 0 l;OO I J~OQ I "" ]!' ' S- z.T--

8 60 60 

= 

The p .:>l·ier <.~.ensi t.y at t his pwint in the furnace i s gi.ven by 



= 
4.62 X 10

10 4 --:-:-6 = 9 • 45 X 10 
0.49 j~ 10 

This power may be considered uniform only in the first skin depth. 

The po~;!er input capability of a 1-ton (1016 kg) furnace in 

about 0.5 tWA. Allo~:Iing a 70 percent efficier.cy in the arc, the 

maximum power input to the furne.ce is abc.ut 0.35 Hkl. T'ne average 

po'lrer density throughout the entire volume (0.13 m3 ) of the metcl is 

p = 

= 

From these values, the current heating effect appears to be a favol.~ra\;le 

3.5 percent of the pouer input of the arc. Ho\'lever, whea vic·,,;ed with 

respect to the fact that this power is uniform only in the first s!dn 

depth of 3.2 in (0.093 m) and the maxir.m.m depth of the furnace is abou·~; 

10 in (0.254 m) this average value could be lcf.'~S than 1 percent;. 

It may be reasonable to assume, hm;ever, that in the 

vicinity of the elect:rodes (or more correctly, the foot of tho arc)y 

where cur:t'ent densities ar"1 cc.ncievably rnuch hi.gher, the hec:..tb.g 

effect du-e to ~~l.H'l~ent d~n.s:tty in the oetal could be a t:d.scable 

percente.ge co:.1paz·cd to t.he input pover of the arc~ 
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Furthermore, in projecting these values to a larger furnace, 

where the volume to skin depth is a much smaller percentage of the 

total volume of the bath, the average heating eff~ct would be much 

leGs favourable. From the actual values measured and projections 

made, it may be safe to conclude that the heating effect could 

constitute only a very small percentage of tho power input to the 

electric arc furnace. 

'lbe overall temperature rise in the model was 5°C - from 

32°C to 37°C. As tho <:onnecting leads to the olectrodes attailled 

temperatures of about 75 - 80°C during operation, tt ~:as difficult to 

ascertain .,.,hat portion t1as due to the i:1hercnt heating and 'iJhat was 

due to radiation from the conductors. B0cau8e of this, no projections 

can be nnde concerning the tenperature i11cre<'l.t~e due to current density 

in the model or the furnace. Since this effect :i.n proportional to the 

square of the current, it may b~ iroport.:u:1t at the very high current 

levels encountered iu nodern Ultra-High Power arc furnaces~ 

Ho~vever~ better estimate of thi.s h81cltin:J: t~ffc!Ct. Hould be 

obtained if an equival~nt ci.r0'l:it c<'.i.l b;,~ found for the l:i.quid metal in 

the crucible. 



CHAPTER 4 

FLUID MOTION 

4.1 INHERENT MOTION IN FURNACES 

Agitation of the bath of an electric arc furnace is 

beneficial both. from physical and metallurgical viewpoints. As a 

result, some installations use an external induction stirrer, 

operating on the principle of the linear induction motor, to achieve 

product homogeniety. Some observers have noted that natural stirring 

occurs in the electric arc furnace, especially when it is operatin.g 

in the high-current mode (19). 

Similar stirring effects were noted during the operation of 

. the model, and atter,lpts were made to measure the fluid velocity by 

direct observation of . the surface of the mercury. This required 

cleaning the entire amount of mercury about every two hours to provide 

a fresh surface for the m~asurements. 

The dilute acid (about 5 - 10 percent) on the surface of the 

mercury served a dual purpose. Besides helping to maintain a clean 

surface on the mercury, it also simulated the slag cover in the actual 

furnace. 
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During the obs{;rvntion:;;, it wa.s noted that the acid layer 

moved at a speed that was slightly higher than that of the actual 

mercury surface. To measure the surface velocity, the time taken 

for small pieces of copper wire to traverse a known distance v1as 

recorded. Average values were determined for both the three und 

four electrode arrangements. 

4. 2 MOTION IN THE THREE-PHASE HODEl, 

Observation of surface motion in the three-phase model 

disclosed that there wa.s one basic movement. This was the motion of 

tho liquid around the electrodes. The motion was definitely related 

to the sequencing of phases, a clocklfrise phase sequence .:producing 

clockwise rotation of the Tiiercur.y, and vice-versa. Thie local motion 

about the electrode::; cc.used the entire su1face, out to the edger.:., to 

rotate in the same sense. The mea.surements V!erc ce.rried out at L~OO 

hz and 1000 hz, uning cU! input current of 160 amps per phase - about 

the upper limit of the apparatus over this range. 

Perhaps it should be stressed at this po:i.nt, that the 

measur(~ments taken ;.rere with the object of giving mo.inly a 

qualitative comparison of the motion produced in the models. T'nere 

were at times some flo-.·i covnter to tho main one, and at times, only 

one or two electrodes contributed to the OYerall movement. 
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Fig. Lr.l: Na.tUl·&l l''low Put tern in '2hrt'~e-Phase Hodel (Phas~ Sequence A-P-C) 
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In measuring the flow arotmd the electrodes, the time 

taken for a test particle on the surface of the mercury to make 5 

revolutions waG noted on a stop-~ratch. Five revolutions were 

chosen becau..se the particle often failed to make complete revolutions 

as it was captured by the adjacent electrode. Tne average of several 

sets of 5 revolutions on a mean path diameter· of about 1 in (0.025lf 

m) was taken. Values were about the same for both phase sequences. 

The mean period of. revolution of the mercury f'.uz··face was about 28 

seconds, and mean speed 0.28 em (0.0028 m)/sec. 

The t~peod near to the edge was monitored by a p::trticle 

about 5.0 in (0.0123 m) from the centre. As cotmter currents ag~dn 

posed problems, the time taken for tho particle to travel one 

quarter of a revolution was noted. The mean edge velocity in the 

interval \'Jas about 0.1? cm/L:ec ~ 

Fig~ 4.1 sho·r~s the main flow pattcr·ns in the three phase 

model. Velocity and flow patter;1 were about the sar.1e at 400 and 

1000 h~ .. 

4.3 HOTION IN ~'iJO-PHASE MODEL 

The method of taking these measurements \'.rere th.c same as 

iu the three phase model. Here 1 as before, the main motion was 

that around the electrodes, !bwover 1 two bssic flci>~ patterns were 
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adjacent or opposite each other. Again, the sense of rotation was 

dependent on phase sequencing. 

With electrodes adjacent, the prin~ary motion ~as again 

around the electrodes. The directions ho>tever were not the same, 

and Cl"aated flo;.; currents such that fluid flowed tot1ards the 

centre along one diagonal and away from the centre along a 

diagonal at right angles, fig. 4.2 shows the flow pattern produced 

by th:i.s confisura.tion. For a current input of 160 amps/phase, the 

speed around the electrodes was about 0.69 Clll/sec, a.nd that along a 

diagonal about 0.36 em/sec. At the wall, the fluid velocity wa.s 

low, about 0.2 em/sec. Values measured at 400 hz and :1.000 hz gave 

speeds around the electrodes t!wt \\'ere about the came. 

With elP.ctrodes of the same phase opposite each other, 

the flow pattern generated wcs rather different. In this casc 1 

the flO\-tS around the electrodes were nll in the same dircct.ion. 

The pattern here ~~.:~s quite similar to that in the three-electrode 

model, and also reversed sense with change in phase sequence. The 

speed around the electrodes was about 0.63 em/sec~ «nd that around 

the edge about 0.28 em/sec, for a frequency of 4oo hz. Measurements 

taken. at a frequenc~c of lOCO hz yielded va.lues that were sir.lllar. 

This indicated that the volc.city \>;as oorc closely related to input 

current x-.;,thcr thr;m frequency in the range taken, sir.ce lo·~Jcring the 
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Fig. 4.3 shows the now pattern for electrodes of the sar:;:e 

phase opposite. 

4.4 EFFECT OF VANES ON NOTION 

Othei• researchers (8) have shO\m that the shape of the 

flow path has a marked influence o~ the fluif vel~city in a 

channel type induction furnace. Borro\<ling thiEI concept, an 

attempt was madf! to change the fluw path :i.n the r:1oded by the 

insertion of vane::. I•'ig. 4.1+ shows one such arrangement as t<~ell as 

the flow pattern produced for the three-phase model. Only in the 

very centre of the model did the stirring e~ffectn appear to be 

slightly better than that w-lthout the vanest producing small ripploo 

and eddies. Ho..,Jever, now in the middle region \'12'1 im)eded. The 

vanes used -were made of plasticine to allmv rapid ecnd easy change of 

shape and location. No actual measu.re:nents of veloc.ity were taken 

on the models with vanes, as there appea.red to be no really 

significant improvement in fluid fioh'. Further i the presence of 

vanes in the actual furna.ce 'I!Ould create more p:t·oblems than tlv~y 

solve by hampering the charging of scrap to the furnc>,ce. They cou1d 

also seriou~ly interfere with the actual mel tir1g patterns, s:tnce 

during the ~JJel tdm·m period, beat transfer frotc the &rc is by radiation. 
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4.5 ELECTROKINE~IC EFFECTS 

As mentioned in. Gection 4.1, the use of an external 

induction stirrer is at present the most common means of stirring 

in the electric arc furnace. As an alternative to this, it was 

decided to investigate the use of mndllary electrodes to achieve 

this end. 

The criteria of an accepto.ble alternativf~ were set as 

(a) 1~e electrical circuit containing the auxillary electrodes 

should be operable on e}d.sting cor.11n-arcial supplif>,S of electricity, 

or supplies easily derived therefrO:"!e 

(b) 'l"ne energy input to the aux:i.llary system should be very small 

compared to the energy input to the furnace. 

(c) 'lbe system should be sir:1ple, easily added to an exir;ting furnace, 

and cost little in term.'.> of installa.t:i.on and maintenance, and 

finally 

(d) The sti:.'ring produced by the addition should be sj_gnificantly 

above that othcx~ise obsarvableo 

The fir::>t: idea wa:s to 1:1ake u.se of electrodes contacting the 

mercury in the modeL, This WLU.i considered undesira.lJle for one mcdn 

reason. In a real fur-naco, the most easily av;;~ileble v.nd e<.~ono~zrlc 

electrode, wot:tld be the e;raph:tt.e electr·ode. ~'his \cJould diEH:Jolve in 

stealt increasing the <;arbon content~ Tho system w·;s hm:cNer, 
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attempted on the three pha.se model, using three auxillary electrodes 

on a three phase system. This arrangement did not seem satisfactory 

in terms of additional stirring, and produced patterns sim:Uar to the 

original three-phase supply to the model. In fact it looked rather 

like changing the pCiier supply to the model from three to six-phase. 

The input po\ver requirements were about similar to that in the model 

producing no striking effects. 

Allowing the electrodes to ·touch only the acid solution 

was next attempted., The effects produced rn~.y be related to the 

electrokinetic phenonena which occur at the interfl'.ce of h;o 

diosimilar liqu:lds (Appendix B), and wer~ observable on both 

alternatix1g and direct currents. 

With alternating current, standing wavec were produced on 

the surface of the mercury and the acid. Thel'e was no doubt that 

the effect was produced by the fiO\cJ of current through the acid and 

mercury as a visible pattern could be seen, nar~..ing the path of 

current flow betveen the amdllary electrodes, similar to the current 

streamlines e<.ssociated with the main electrodes. 

In add:ttion to the sta.ndir:g-\'Jave :patter~1, there was motion 

of the acid e-nd the mercury surface <~rouEd th•J electrodea and in the 

general area between the (:J.ectrocles.. Hotion :S n tho main \<•.::.v:> not urd.a• 

directional, but cons~.sted of sever<ll small svirln dirr:::ctcd to·cr:J.:J:'df.: 
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electrodes i ndica ted that sr•me a r:.ount of el ectrolys is w2.s t a..l<ing 

place. Good stirring action \"Jas obtained using 10 volts at Ool5 

a mps. The intensity of the action depended on the current strength, 

while t he volta ge r equirements t!ere c ecided by the conductivity of 

t he acid. 

Actual velocity measurements \"Jere l! Ot t aken becau.se of the 

difficulty of obse rva tion of the motion of particles, but; the surface 

activity may be well described as greatly i mproved. Estimated 

veloci t.y hot>rever ~ Has about 1 e m/ sec 1 and the auxillary elect.ro•ies 

about 1 in (0 .025 m) from the edge . 1."'hough it augmanted the r.atural 

motion occm.•ring i11 t lle model , the action was i ndependent , a nd 

effective by itself O~g. 1+.5 ). 

T'nE"> effect of frequency on the surfac'o os cillations \'las 

i nvesti[.p .ted. Above 60 hz, t he a oplitude o:t t he oscillations 

decreased with i ncrea"3 i nu frequency and at about 1000 hz , t he effect 

all but disappeared. Hm;e,•er 1 the sh;e of these osc:Ulations 

increased as the f requency was decreased . At a f requency of about 

0.1 - 0.5 hz ~ e.. condition similar to resonance wns obtained , \clher;;; 

the osci:i.lations beca:rne fai r ly l arge. 

Oc direct current , the effect rw.s more marked th£-\U on 

alternating cm·rent. l.t~:Lg. lt- . 6 sho ·is one a rrangement usEid. At the 

nega tive electro::l,e , ....,.o t much motion Has notice<}.~ though t here was 
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slight gassing. Small, everwidening ripples, like those produced 

by a small stone on a placid pond, wer0 seen to spread slowly from 

this electrode. The su;:face of the mercury immediately under the 

electrode seemed to be depressed by an estimated one millimetre. 

At the positive electrodes, an area of mercury initially 

about one inch (0.0254 rn) in diameter was raised about one millimetre 

upwards, tovards tho electrodes~ This area increased in size until 

it l'eached the nearest edge, accorn~niecl. al1 the while by a turbulent 

motion. Again no surface velocity neasurements could be accurately 

taken, because of the turbulence of the flow, but it was estimated to 

be in excess of 3 em/sec, using a 10-volt de supply at 0.2 amps. 

In some cases, the raised area:.~ around the posi ti vc 

electrodeB joined together to form on.e larger area occupying about 

half the surface of the model. A div:i.ding line separating the 

'positive surface• from the ;negative surface' could be clearly seen. 

Motion in general \'las at the positive electrode in a 

direction aviay from the negative electrode. Fi£;. 4.'? shows the stagco 

in the development of the flow. T.h<'tt the r.~e.rcury surface at the 

positive electrode rose during operation to!:J.? ccrfirmed by observation 

at the wall of the mo-:lel in the ar..;,:l where the flc'.'l reached the \"all. 

The elev8.tion here 0ould be clea:t•1y seen above the rest of the [;:;.rface .. 
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Fig. 4-6: 1i1.c:r;b·ocupil1ery Actio-:1 us:Lng Direct Current 
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A variation of this was to allow the negative electrodes to 

touch the mercury surfac<~, and the positive electrodes only the acid. 

Though this appears to contradict a. previous statement to the effect 

that this is undesirable, the apparent contradiction may be easily 

removed if it iE noted that in the actual furnace, the refractory io 

a fair electrical conductor at the temperature of molten steel. Tho 

refractory may then be t~ed as the negative electrode. In this case 

however, the active areas merged and after sometime took over the 

entire surface cf the model. At th:i.s cc,nditioa activity became much 

reduced, and similar to that at a negative electrode.. Reversing the 

polarity for a short while reactivated the surface. The notion \t;as 

similar to that in the previous ca.se, with a slightly highe,r current 

input. 

The effect of the ccmbinaticn of both direct and alternat:i.ng 

current on the electrold.net:'tc P.ffect was alae .. investigated~ Th.e 

combination WRS produced by feedtng the <">V.tput of a function gener.o~.tor 

having a variable de offset vol tagc, in to a de pm1er amplifie !'• 'I1lis 

produced the cor.1bined effectH of <-;.c and de motion, giving both 

vertical oscillatior-.:;:; o.nd ho:.."'izoutal mover:wnt of the mercury. Best 

results \Jere obtair:ed •,.;ith the ftmcticn c;en0N.tor BOt to give a lo>t 

frequency ("-0.5 hz) squnre wave outp:~t. 



5.1 DISCUSSION 

5.1.1 THE AIM 

CHAPTER 5 

DISCUSSI ON AND CONCLUSIONS 

The aim of th:ts thesis was to determine current distribution 

and metal flow in t he hearth of an electric arc furnace. 

YJa tal now (stirrin.z) has been observed in arc fu:ruaces. 

Explanation of this phenomena, however, is not given in current 

literature. 

This investigation constitutes an initial attempt to 

discover what happens and explain effects observed in the hearth of 

the furnace. Since no mathematical model of th~ hearth has ever been 

developed, an analog method was used, and experiments were carried out 

on a scaled model of the furnace. 

The Model: Analog mod.elling techniques were applied in the 

development of a suitable scale model of the hearth. Since the hearth 

and its model are geometrically similar, current distribution is 

identical when the ratio of diameter to skin dep~h is made the same. 
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In the model of t he hearth, mercury r epresented the liquid steel. The 

rr:ode:-n trend is t owar ds l a rge furnaces \!li t h high metal output. Here, 

t he diameter :l.S large (15- 32 ft) colilpared with skin depth (""'"' 4 inches 

at 6o hz)u A 1-ton furnace is considered the s mallest size of furnace 

of commer.:: ial interest. Sc3...1ing was such that a model of diameter 1 ft 

simulated a furnace of capacity 1-ton at 400 hz and one of 100-tons 

capacity at 8.4 khz. Operation of the model at frequencies below 400 

hz, where it repr esented an arbitrarily s mall furnace, resulted in 

r e flection of the· electroluagnetic fields at the boundaries (sides and 

bottom) - an ~ffect not oc~urrir.g to that extent in an actual furnace. 

This produced sisn:t!icant distortion in the current distribution 

pattern and the metal movement. Operation of the model at and above 

400 hz give results which are predictable with good accuracy (within 

12 percent). 

5.1.2 CURRENT DISTRIBUTION 

Current Density V~asurements: Predictions have not been 

attempted regarding current density as a function of position. Values 

have been determined by actual measurement on the model using current 

density probes. Measurements were mainly at the surface or the 

mercury at a frequency of 400 hz. It has been predicted an.d 

experimentally verified at frequencies of 400 hz and above, that 

(1) Current density is a linear function of the current input, and 

varies directly as the electrode currentt 



( a ) Cur rent Do·vm i nt o El ec t .r·ode 

F = J x 8.1 z r p 

_____ J 
r 

B- is l1agnetic Flux Densit1 

Due to El ectrod e (Arc) Current 

F = J x B.l z r p 

(b) Current up into Electrode 

Fig. 5.1: Forces on Surface under Foot of Arc 
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(2) Current dansity, f or a cons t ant elect rode cur rent, varies 

di~ectly e s t he s quar e root of the f r equency (or i nv ersely a s the 

skin depth), and 

(3) Cur r ent densi t y varies exponentially wi t h depth, with the ratio 

(depth/ skin depth) as t he exponent. Si nce r e flect ion occure at the 

bottom, t his varia tion with depth is ~ore accur ately express ed as the 

suJL o! an incrca.sing and a decreasi ng exponential (hyperbolic cosine). 

As a r esult, measurements t aken on t he model at a s ingle frequency in 

t he r ange 400 hz and above, can be related to values at any other 

frequency in that range. Hence one set of measurements can be used to 

d.etermi.ne current densit:r in furnaces of any given size. 

Results talcen were used to ccnatruct approximate current 

strsamlines and profiles of equal current density. 

Heating Effects: An attempt was made to relate currant 

dens ity to heating effects due to los see (~/cr) in the liquid metal, 

relative to arc heating. An evaluation of this is best obtained using 

an equivalent circuit for the liquid metal in the hearth. This 

however, demands the use of a mathematical model, which has not yet 

be•an developed. In the method used, a typical value of current 

density near the electrodes was chosen. Assuming th.:l.t this value 

exists uniformly throughout the liquid steel, the heating effect was 

determined as a percentage of the total input power for a one-ton 

furnace. The result obtained indicates that this upper bound for the 

heating effect is about one percent of the total po.,er input to the 
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furnace. 

Sone general obser·.rations rnay be made with reference to 

forces produced by the current in the furna.ce. 

Surface Depression under Arc: Depression of the sur-face ot 

the slag and steel under the foot of the arc has been observed in 

electric arc furnaces. This effect is explained by Fig. 5«1. Here, 

Jr is the surface current density in the liquid metal and Bp the 

magnetic flux dens ity due to current in the arc. The force density 

F is given by z 

•••••••• 5.1 

Since Fz is downwards, the conductor, :in t his case the liquid metal, 

moves downvrards, creating a depression in the s urface. This is 

especially true ncar the foot of the arcs where current densities are 

high. Reversal of current direction in the arc reverses both J and r 

Bp' leaving the direction of Fz unchanged. 

Arc Flare: Arc flare is described as the rapid and sudden 

motion of the arc towards the sidewalls, and is considered a mai11 

contributor to furnace wall erosion. As mentioned above, the metal 

surface under the foot of the arc is depressed. As the arc is a 

flexible conductor, a force equal to F pushes upward on the arc, z 
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Fig. 5.2: Features of a Typical Electroslag Remelting Furnace 
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mo·ving it a >-1e.y f.r mJ t}l e surface and tov.-a rds the sid~walla. The 

problem is further complicated by the presence of _thrae arcs in a 

furnace. each bearing currents differing in phase Rnd direction from 

the others. Electrodynamic forces varying in. proportion to the current 

in each arc 'I'Iould cause movement of the foot of t he arc across the 

liquid metal surface~ Strictly based on observatio~s made on liquid 

rtletal movement 1 in which electrodynamic forc es move the liquid around 

each individual electrode, it is p-:>stula ted t hat the foot of the arcs 

also move around the electrodes t wice each cycle. 

5.1.3 MCYriON 

The motion observed can be divided into two categories -

naturall' occurring and artificially produced. 

Naturally Occurring Motion: This has been observed in 

electric arc furnaces and in both tho careless and channel-type 

ind.uction furnaces, where it has been used to advantage. This effect 

was observed in the model of the arc furnace hearth. Here, the flov 

was around each electrode, and in a direction that always matched the 

phase rotation of the electrode supply. Flow velocity remained 

constant at frequencies of 400 and 1000 hz !or a given input current. 

A similar. study in modelling the channel-type induction furnace {8), 

indicated that susta.ined flow was a function of channel geometry and 

frequency. Flow velocity at 1000 hz was half that at 400 hz in a 

model of comparable size, disappearing completel.Y at 3000 hz. It wa.a 

also found that flow occurred only when channel width was less thaa 
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t'.~rice skir. depth . In the arc f urnc-.ce model, t he dept h. of t he h·earth 

near t he electrodes \o~as ab0ut twi.r.:e skin depth at 4oO hz, and about 

three tirr.es skin depth at 1000 hz. From this result, the :nechanisll 

of nc·w appears different for the electric arc a nd channel furnaces. 

This differ~nce could not be f urther substantiated in the laboratory, 

sinr.:e equipment limitations pr evented operation of the model at a 

high enough frequ.ency, at a comparable power level, to enable a study 

of t he effect of frequency on flow over a sufficient frequency range. An 

attempt was made to enhance metal flo~ in the arc furnace model by a 

slight modification of now gecr.aetry. Fluid path geometry was changed by 

inserting vanes of insulating material in the model. This however was 

not considered practical in an actual furnace, as they would affect 

adversely the. heating and melting pattern existing in a. furnace without 

significantly increasing flow. 

Artificial Hotion: Artificial motion was also produced in the 

model. This was done with the aid of a system of auxillary electrodes. 

The effect produced using t.he auxillary el.,ctrodes is reasonably well 

explained by the electrocapillary curve in Appendix B. This 

electrokinetic effect is due to surface properties, and as such, it 

is difficult to determine the extent to which it penetrates into the 

mercury. Ev~n as a surface effect however, it should find application 

in a real furnace, since the surface is the site of the reactions 

between molten metal and slag. In fact, it is noted in industry 

that the use of alternating current during electroslag remelting 

(22) provides a more active refining bath. n1is phenomena is 

considered to be due to the constant changing of polarity of ions ia 



101 

·~he molten. e~e tal. Fo!'" sorce grades of steel, th.i.s process provides 

the best combination of de~ulphurization and degree of refining. 

Fig. 5~2 ehows a typical electroslag remelting furnace used in the 

production of large ingots from the remelting of smaller ones. 

5.1.4 TWO-PHASE SYSTEM 

The t¥io-phase (or 4-phase) system may ~t~ell serve as an 

alternative to the present three-pease design. The pos sible 

advanta$eS of this system include:-

(1) A more uniform melting pattern in the furnace. Assuming a 

constant. po•.o~er in the arc i.e. a po~er in each arc equal to that in 

the three electrode design, the weight of steel melted per electrode 

is smaller. This could produce n more even melting pattern. 

(2) Decrease in meltdown time. Because of the higher power input, 

the meltdown time should be reduced to about 3/4 that in the present 

system. 

(3) Better refining: With electrodes of the sa.me phase opposite, the 

stirring produced would be more intense. With electrodes of the same 

phase adjacent, in addition to being more intense, the flow pattern 

is such as to move fresh materials near the sidewalls into the high 

temperature and reaction zones near the arc. 

(4) Lower mutual coupling between phases. For the high currents used 

in electric arc furnaces (~50 to 100 kilo-amps) mutual coupling 

between phases increases the reactance and limits the power input to 

the furnace for a given transformer. If the two conductors to each 
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phase are placed s i de by s i de , coupli ng bet~r1een phases would be 

minimised. Further, if ccndu.:. t ors to each phase ar~ co- axi al, the 

coupling should be al mos t entirely eliminated. 

The s ys te:11 however, is not wi thout its di ss.dvantage/3. These 

are l ikely to be:-

(1) Shorter re fractor y li f.:;: . With four arcs in the furnace, the 

r ef r actory l i fe should be s 'horter. The extent to which this is 

shortene d is dependent not only on power i nput, but also on arc length 

and arc fl are. The 1-adiant energy i mpi nging on the furnace walls is 

fairly predi ctable, hence t he i ncrease in heating o! the walls may be 

calculated. 

(2) Increase in size and number of hot spots. Since there are now 

four arcs, there are now four hot spots. n 1ese may be larger since 

the thermal energy reaching t he walls is increassd. This may require 

r educing power input to each phase or moving the electrodes closer to 

the contre of the furnace. 

(3) Greater initial expenditure and possibly maintenance costs. The 

addition of an extra electrode would require such changes as another 

hole in the roof, another electrode arm and positioning controls etc. 

However, if this saves on the cost of power consumption through lower 

reactances, and in operation through shorter meltdown times and higher 

output tons per hour, it may be worth the additional exper~e involved. 

(4) Phase conversion. Since the supply to the electrodes is two

phase, and the commercially available supplies of ele~trical energy 

are three-phase, a special furnace transformer would be needed. 
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This would require special taps and connections to effect the three

to two-phase conversion. As such, this transformer may be more 

expensive than the present type used. It is noted however that the 

furnace transformer is normally of special design, hence it would 

appear that the phase conversion may not add significantly to the 

cost. 

5. 2 FUTURE WORK 

Predi.ction of Cu1·rent Distribution: Future work on current 

distribution involved the preeiction of current density for a given 

hearth shape and electrode configuration. Analytical techniques 

involving the use of complex-potential theory in a multipolar ru1d 

cylindrical co-·ordinate system is capable of generating the basic 

patterns~ Extension of the method to include skin effect and boundary 

conditio~s should yield good results. 

A su,ccessful me thod of prediction would be of i mportanc e to 

a s tudy of the submerged arc or electric resistance f urnace, where the 

charge is heated entirely by the pc.ssage of current. While in the 

hearth of the electric arc furnace this heating effect (J2/~) i s 

secondary, in the resistance f-urnace this is the source o:f heating. 

Appli.ca t :l.on of E1ectrocapillary Action : .Future work in this 

area is the t est of the applicabn i ty of this me thod of stirri:z::.g on a 

scale l e.r-ger tl1a.t attempted so ft:.r. T'nis would be done on a larger 
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scale codel, or an actual full size, electric arc furnace. This method 

is of course not limited in application to the electric arc furnace. 

Being an independent system it co1ild be used on any type o! furnace for 

melting or holding metals provided that a slag cover is present. 

5.3 CONCLUSIONS 

This investigation was exploratory in nature with the aim 

of deter~ining current distribution and metal flow in the hearth of 

an electric arc furnace, by simulation 0 11 a model. This objective 

was attained in the following ways: 

Kn.o11.n a.'lalog modelling techniques have beel". successfully 

applied to the development of a s mall scale model of a typical 

electric arc furnace, using the s k5.n depth to diametar ratio as a 

main para.meter. 

Experimental res Llits were obtained to demonstra te that 

current dis tribution may be predicted for furnaces of differ ent sizes 

and ratingH from measurements tak-!n usine one model only. 

Natu~al stirring was obs erved i n t he model of t he elec t r ic 

arc furnace, and was found to be dependent on the phas e r otation of 

the supply to t he el~ctrodes . 
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El.ectrokinet~.c stirrinz was produced and examined, using 

auxillary low power ele:troaes. 

An alternative two-phase, four-electrode design for an 

electric arc furnace ha.s been propos ed. This is expected to improve 

e.nergy input and pO'N'er distribution relative to the standard three

phase ~esign. A reaso~able basis of this expectation has been 

verified by tests on the two models. 



APPENDIX A 

REI,ATION OF CUP.RENT DISTRIBUTION TO I NPUT CURRENT 

It is possible to r el ate the current distribution J to . r 

the electrode current I, by application of Max\:lell' s equat ions 

to the syst em. To do this, it is assumed tha t the liquid metal 

aurfaca is a cylinder of r ad::i.us R, and i nfinitely long (Fig. Al). 

Since t h e ::nedium of isotropic .!lnd the l!!quations are li11car, on1,. 

one electrode (or arc) is considered, and for simplicity, onlJ 

on~ bou~dary condition. 

Maxwell's time varying equations are given as (1?,18) 

V X H 
£ aE = 
at 

an v X E • -ilo at 

V • E = 0 

v • H • 0 

Taking the curl of both sides of equation 3.2 

v X ( V X E) 
a :a -vxat 

\Db 

•••••••• 1 

.. ....... 2 

•••••••• 3 

•••••••• q. 

•••••••• 5 



I 
~ 

I 

z 

I 
ORJ 
I ~ I R 

! 
z = + co 

Fi • A1 : Th~ l1odel a.s :;;, Cylinder of Infini t e Length 
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X 
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On expanding and si~r.plifying, equation ( 5) yields t he wave equation 

<;1(V • E) -V~ 

i nce from (3) 

'V • E a 0 ........ ,; 

... he wava e qus.tion r educes to 

....••.• 7 

If cylindrical coo:r·dinates are used then 

1 
r 

........ 8 

he solution. of this equation is or the general !ora 

E = r 
(e) R(r) Z(z) T(t) .••••••• 9 

If as a si~ple solution only the Z(z) and T(t) components are 

c nsidered, then 

E = Z(z) T(t) 
r •••••••• lD 



One solution of this equation is 

or substituting for the skin depth 

E 
r 

• E exp(-z/B) cos( wt -z/o) 
ro 

109 

•••••••• 11 

•••••••• 12 

•••••••• 13 

where F. is e.n arbit rary amplitude factor, evaluated at z = O, t = 0. 
ro 

This field in the conductor may now be related to the 

externa l field at th" surfac() of the conductor. If the origin of 

the coordinates ia p laced at the surface , th en in the region z'>O, the 

medium is a perfect conducto r, and for z<O ., the medium is s. perfect 

dielectric. 

At the houndary stu:·face, z = 0, and 

E -:: E cos t~..t r ro •••••••• 14 

This is now considered as the source field which establishes the 

fieJ.a.s within. the con·.:luctcr. 

Since in a good conductor tl:e di splacement current is 

ncg1igib l~~ then 
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J ..• ".... 15 

and the condt·.ction current density at a;"l.Y point within the 

conductor is given b;y 

J • a E 
r r 

= o E exp(-z/5) cos(wt - z/6) 
ro 

•••••••• 16 

The time av . ., rage po wer density into the conductor, as given b;y the 

Poynting thE:orem is p z 

vhere '7 is the intrinsic i mpedance of th_, conductor 

Since for a good conductor a>>~c 

7J=~ 

= !.. (1 + j) 
a 

= fi /n/4 a 

•••••••• 17 

•••••••• 18 



Hence 

exp( -2z/S) cos tt/4 

2 
exp( -2z/8) W/m 
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•••••••• 19 

The total power loss, P, in the direction of the current, 

in a cylinder of radius R is the power crossing the conductor 

surface <Jhich is given b7 

p exp(-2z/5)l r dr dQ 

... z =. 0 

watts 

• ........ ~ 

(Since J = dE ) 
ro ro 

If the total current were distributed uniformly in one skin depth, 

then the current I is the integral of J over the entire depth of 
r 

the conductor 

I •••••••• 21 
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and since J ie the same form as E then 
r r 

J • J exp(-z/8) cos(wt - z/S) r ro 

In complex exponential form, 

Therefore 

Hence 

J • J exp(-~/5). exp(-jz/o) r ro 

• J exp(-z(l + j)/5) 
ro 

•••••••• 22 

. J
m (2.rr Jro 

I J. exp(-z(l+j)/!)R d9 dz 

0 0 
00 

= 21< J ro exp(-z(l + j)/0) (~ +S j) 1 
27tRSJ 

ro 
= (1 + j) 

2JtF.'1SJ 
I z _ ? 2 '££ co s(wt - n/4) 

•••••••• 23 

···$···~ 24 

Equation 24 establishes t he relationship between I and J • 
r 

Now ohmic power loss per unit volume is J 2/cr, aud the time 

a7er age power l e-ns i n a cylindri~al slab of radius R and thic knees 6 is 



ll3 

p 

. 2 ·I Jr dv () . . r (rio 
o Jo o 
J2 

ro 2c 
• ~ ttR a vatts •••••••• 25 

This power loss is the same as that in equation 20 and the current 

density ma:y be considered to exist only in the first skin depth, 

and to be uniform throughout that region. 



.APPENDIX B 

THEORY OF ELECTROKINEI'IC EFFECTS 

In electrokinetics, the electric charges on two surfaces 

in contact determine their relative motion in an electric field. 

The effects produced in the model may be ecplained on the basis of 

electrocapillary action, which is the change in surface tension of 

the interface between two Uquids, due to the application of an 

electric ~l potential. The simple theory of electrocapillarity is 

as follows ( 20 1 21). The superficial electronic charge density on 

the mercu.ry interface is q. This is a posi tive charge since 

thermodynamically, a metal in contact with an aqueous solution 

loses electrons. Because of the presence of an electrical double 

layer, the interface is ar~alagous to a parall~l plate condenser, 

with a poter.tial difference v bet we en t he plates. The work 

requ.ired to i nc r ease the c h.s-,rge on the plat es by dQ is v ~ dQ . Work 

is e.ls.o r equired to increase t h e area , due to sur f at::e tens i on forc es , 

hence the tot a l work dW (reversibl~) is 

dW ~ r dA + v.d~ •••••••• 1 

Since dW i s a cc t:.~plet e differ ent.ial, th t!>n. 
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interfacial 
surface tension 

----~--------------~----------------~ ------~--~ 
-1 0 +1 

v volts 

(a) The Electrocapillary Curve 

(b) Production of the Elcctrocapill;,;.z-·y Curve 

Fig. Bl: The Electrocapil:!.ary C t!rVt'! 
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• "'...... 2 

~1is is t he fund&mental equation of electrocapillarity, 

and is named the I.ippmann equation, in honour of its discoverer. 

It infers also that if the expansion or contraction of a surface 

causes a flo\v of electd.c charge towards or a~;Jay from it, then the 

interfacial tension is dependent on the applied voltage. The 

relationship applies equally well to any two liquid media. The 

graph of this relationship, termed the electrocapillary curve, is 

lshcl'wn in Fig. Bl. It may be noted that the slope of the curve is 

numerice.lly equal to the surface charge density, q. Experimentally, 

it has been shown that the shape of the curve is a function of the 

nature of the metal phase and the concentration of the aqueous 

solution, but is independent of th<3 absolute value of potential or 

the nature of the electrode. 

Action of the mercur·y surface beneath an electrode, may be 

deduced from the electrocapillary curve. Fig. B2 shows the 

development of oscillatory forces in the surface of the mercury, 

leading to the production of stand:i.ng waves if an alternating current 

is applied between the electrode and the mercury. Fig. B3 ~lows the 

possible action on the application of direct current to the system. 
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I 

I 
- ---- - ---------1-----.,.----------- v 

0 

·-+===- v 
I ,. ~ 
I . ~ 
I I~ 
~----

(

I:, a J ·. 

v = V sin o)t 

~ 
v 

-----j--·-'-
EI b/ ! t 

- -- -:A'- I 
___,___../" I 

v -- -~ 

0 / I 

F(y,t) 
I 

I I I I 
I I I 

----..._ I ; I 

-"""'', ' / ~ li F------ ~ "-.../-+---........ 
t 

0 

· F(y,t) is su.rfe.ce force due to change in y 

Fig. B2: Product:i.o .u o f Surfac e Oscilla tio ns by Alt ernating Cv.rrerd; 
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b 

a 

0 v volts 

F(y) 

1 
·~ lb vl -

c l v2 0 f v volt s 

---- ,_.,..,....----

merc ury 

Fig. B3: Ho vements o! Mercury Surfac e b;y El e-c troc aptlla ry Act i on 

Using D:i.r .ct c, r r .nt 
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APPENDIX C 

RECORD OF CURRENT DENSITY MEASUREMENTS 

This appendix lists the current density measurements taken 

on the model. 
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CURRENT DENSITY V.EA.SUREMENTS 

Model = 2-phase; Electrode Current = 100 A/phase; Frequency • 4oo hz; 

Probe used = ~ 2; Phase Sequence = ADBC; Phase angle with respect to 

0 
VAD; VA • V 0 ; VB = 0 V 90 ; El~ctrodes 'A' 0 at Q = 0 ; '0' at Q = 90° 

r = 0 inch r = 1.0 inch 

Q 0 
J A/rl I' Po Qo J A/ri Po 
X 104 

X 104 

45° o.oo6 0 10 5-35 -45 180° lead 

2.,54 30 45° lead 30 5.13 -84 200 

3.16 45 5() 45 4.8 -90 200 

3.5() w 50 6o 4.8 -102 200 

4.25 90 ;o 80 4.9 . -135 200 

3.84 120 45 3:,0 4.58 0 18o 

3.16 135 45 330 4.0 30 180 

2.2 150 45 315 3.3 90 110 

0.013 l8o 300 3.9 150 75 

2.4'1 2:!0 135° l eg 28o 5.0 180 70 

3.43 225 135 

4.12 2Lj{) 135 

4.53 270 135 

3.8i+ 300 135 

2.26 330 135 
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Model ~ 2-phase; f = 4oO hz; Phase Sequence = ADBC 

r = 2.0 inches r = 3.0 inches 

Qo J A/m2 ,fl Po Qo J A/m2 ,fl Po 

X 10'+ X 104 

i!J 7.68 -6o 1&) 0 2.26 0 0 

30 5.49 -102 170 lag 30 2.74 . 72 
0 20 lead 

45 4.94 -90 16o 45 2.74 90 20 

6o 5.49 -90 170 6o 2.81 90 20 

· 70 7.54 -90 1&) 90 3-02 108 1&>0 lag 

110 7.41 -102 40 120 1.74 72 
0 200 lag 

120 3-77 -102 lt() 135 1.37 90 210 

135 2.74 -90 t5o 1~ 1.51 114 1~ 

150 3-77 -90 90 1&) 3.07 1&) 65° lead 

16o 7.96 -90 16> 200 2.74 -120 70 

i!JO 6.58 -90 65 laad 225 2.4o -90 70 

210 5.01 -90 65 24o 2.61 -78 70 

225 4.66 -90 65 2:'/0 2.95 0 70 

290 4.12 -84 45 l ag 300 1.37 €(l 120 

315 2.26 -90 45 315 1.10 90 135 

340 5.9 -90 45 330 1.17 120 165 
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r = 4.0 iriches r = 5.0 inches 

go J A/m2 pO Po 90 J A/m2 pO Po 
X 104 

X 104 

0 1.1 42 0 ;o lead 0 0.82 72 45° lead 

;o 1.71 78 a> ;o 1.44 90 ;o 

45 1.85 90 a> 45 1.58 90 ;o 

6o 1.85 96 a> 6o 1.58 90 30 

90 1.37 126 20 90 0.96 90 Lto 

120 0.96 -48 0 120 lag 120 0.48 90 100 

135 0 .. 96 -90 90 135 0.55 90 135 

l;o 0.96 -48 90 150 0.55 90 170 

18o 1.03 -14-'t to0 lead 18o 1.17 ?8 0 135 lag 

200 1.51 -120 to 200 1.65 90 120 

225 1.65 -50 6o 225 1.85 90 120 

240 1.65 -90 f:IJ 240 1.78 90 155 

Z70 1.1 -leo 90°1ag Z70 1.1 90 135 

300 6.82 -144 90 300 0.55 90 16o0 lead 

315 0.82 -90 8o 315 0.55 90 135 

330 o.82 -135 120 330 0.55 90 110 lead 
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gO J A/m2 E'o go J A/m2 ~0 

X 104 
X 104 

0 1.1 42 0 30 lead 0 0.82 72 45° lead 

30 1.71 78 20 30 1.44 90 30 

45 1.85 90 20 45 1 • .58 90 30 

60 1.85 96 20 . 6o 1.58 90 30 

90 1.37 126 20 90 0.96 90 4o 

120 0.96 -48 0 120 lag 120 0.48 90 100 

135 0.96 -90 90 135 0.55 90 135 

150 0.96 -48 90 150 0.55 90 170 

18o 1.03 -144 60° lead 180 1.17 78 
0 135 lag 

200 1.51 -120 60 200 1.65 90 120 

225 1.65 -90 60 225 1.85 90 120 

24o 1.65 -90 60 240 1.78 90 135 

270 1.1 -180 900 -.Lag 270 1.1 90 135 

300 0.82 -141~ 90 300 0.55 90 160° lead 

315 0.82 -90 80 yr::: J..,., 0.55 90 135 

330 0.82 -135 120 330 0.55 90 0 110 lead 
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·Model = 2-phase; f = 40ohz; Input current = 100 A/phase; Probe used = 

N2 2; Phase B in position 

r = 0.0 inch r = 1.0 inch 

J A/m2 1>0 ~0 Qo J A/m2 I' ~0 

X 104 
X 104 

45° 3.56 0 5° lead 10 6.17 . -48 0 85° lag 

3.64 30 30 30 5.35 -72 90 

3.91 60 63 45 5.08 -90 100 

4.11 90 90 60 5.21 -114 110 

4.11 120 120 80 6.17 -150 135 

3.84 150 150 90 5.76 

3.77 1eo 190 280 6.04 0 65 

3.97 210 145° lag 300 5.01 48 45 

4.18 240 120 315 4.46 90 0 

4.25 270 90 330 4.53 138 0 20 lead 

4.05 300 65 350 5.76 168 30 

3.77 330 36 
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Model == 2-phase; f = 400 h~; phase sequence = ABDC 

r = 2.0 inches r = 3.0 inches 

fiJO J A/m2 pO ~0 fiJO J A/m2 I' ~0 

X 104 
X 104 

20 10.29 84 0 100 lead 0 2.6 0 120° lead 

30 5.49 84 90 20 2.4 60 100 

45 4.0 90 90 30 2.3 78 100 

60 4.0 90 8o 45 2.2 90 90 

70 4.7 96 65 60 2.2 102 80 

290 12.3 90 20 70 2.26 114 8o 

300 5.8 90 10 90 2.26 180 45 

315 3.91 90 0 270 2.7 -180 0 135 lag 

330 4.60 90 20° lag 290 2.3 -120 190° lead 

340 5.76 90 45 300 2.2 -102 185 

315 2.2 -90 180 

330 2.2 -72 170 

340 2.26 -60 155 
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r = 4.0 ilichea r = 5 .o inches 

Qo J A/m2 I' f30 Qo '[. A/m2 /Jo f30 

X-104 
X 104 

0 1.3? 72 80° lead 0 0.96 90 10° lead 

20 1.37 78 80 1.1 90 36 

30 1.37 90 90 1.23 90 45 

45 1.51 90 90 1.3 90 54 

60 1.51 90 100 1.23 90 63 

70 1.51 90 100 1.17 90 70 

90 1.37 114 120 1.1 90 9C 

2:10 1.37 -72 110 1.23 -90 90 

290 1.4 -78 150 1.37 -90 110 

300 1.51 -90 160 1.4 -90 125 

315 1.58 -90 170 1.51 -90 135 

330 1.51 -90 180 1.4 -90 150 

34o 1.58 -66 180 1.37 -90 16o 
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. VARIATION OF CURRENT DENSITY J with Depth z Below Surface of l-Iodel 

Probe = N2 3; Input Current = 100 A/phase 

}-electrode model Q = 60°; p = 90°; r = 2.0 inches 

frequency = 60 hz frequency = 1000 hz 

z J A/m2 ao J A/m2 ao J A/m2 ao 

inches X 104 
X 104 

X 104 

0 1.44 45° lead 2 • .58 0 37 lead 4.80 00 

0.2 1.44 45 2.15 18 3.55 18° lag 

o.4 1.44 45 1.87 0 2.70 27 

0.6 1.29 45 1.51 0 12 lag 1.90 54 

o.8 1.2)l 40 1.29 23 1.4o 72 

1.0 1.15 30 1.00 36 1.10 90 

1.2 1.15 27 0 .. 93 54 0.90 99 

1.4 1.03 Zl 0.79 63 o.8o 108 

1.6 1.0 27 0.79 72 0.70 120 

1.8 1.0 27 0.72 75 0.62 124 

2.0 1.0 27 0.'12 75 0.55 126 

2.1 0.93 7./ 0.72 75 0.50 130 
(=max) 
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Model = 3-phase; Electrode Current = 100 A/phase; Frequency = 6o hz; 

Probe used = N2 l; Phase B in position Q = 0°; Phaae Sequence ABC; · 

Phase angle B with respect to Voltage VBN 

r = 0.0 inch r = 1.0 inch 

,_o J A/m2 /Jo ~0 Q 0 
J A/m2 ~0 

X 104 
X 104 

45° 1.6 0 135° lead 10 3.5 174 0 

1.6 30 120 20 3.2 156 0 9 lead 

1.6 69 85 30 2.8 138 18 

1.6 90 60 4o 2.5 120 20 

1.6 120 23 50 2.4 108 ?:1 

1.6 144 0 60 2.4 90 36 

1.6 150 
0 20 lag 70 2.4 78 45 

1.6 180 45 80 2.7 72 50 

1.6 210 75 s-o 3.0 6o 54 

1.6 240 100 100 3.5 48 54 

1.6 270 130 110 3.9 24 60 

1.6 300 160 

1.6 330 190 
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Model = 3-phase; Electrode Current. = 100 A/phase; Frequency = 60 hz; 

Probe used = N£ 1; Phase B is ~osition; Q = 0°; Phase Sequence ABC; 

Phase angle ~ with respect to voltage VBN 

r = 2.0 inches r = 3.0 inches 

Qo J A/m2 Po ~0 J A/rl pO ~0 

X 104 
X 104 

0 2.8 0 0 

10 2.5 24 0 

20 ?.0 103 0 1.8 42 0 9 lead 

30 3.3 102 0 9 lead 1.4 60 2? 

40 2.3 102 18 1.3 78 2:1 

50 1.8 102 2:1 1.2 90 .30 

6o 1.8 96 40 1.1 90 30 

70 1.9 90 45 1.2 102 36 

8o 2.3 102 54 1.2 114 36 

90 3.5 102 54 1.4 120 36 

100 ?.4 lo8 60 1.8 144 54 

110 2.4 162 54 

120 2.8 180 60 
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r = 4.0 inches r = 4.5 inches 

,.o J A/m2 ' 0 
~ J A/m2 ~0 

X 104 
X 104 

0 0.5 0 0 0.3 0 0 

10 0.6 60 45° lead 0.4 90 60° lead 

20 0.6 84 45 0.45 90 50 

30 0.7 90 36 0.6 90 40 

40 0.7 90 36 0.6 90 36 

50 0.7 90 36 0.6 90 36 

6o 0.75 90 30 0.6 90 36 

70 0.7 90 36 0.6 90 36 

8o 0.7 90 36 0.6 90 36 

90 0.7 90 36 0.6 90 36 

100 0.7 132 36 o.-45 90 36 

110 0.6 150 45 0.4 120 18 

120 0.5 180 60 0.3 138 0 
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Model = 3-phase; Electrode current = 100 A/phase; Frequency = 400 hz; 

Probe used = N2 1; Phase B in position Q = 0°; Phase sequence ABC 

Phase angle ~ with respect to VBN 

r = 4.0 inches r = 5.0 inches 

Qo J A/m2 Po 130 J A/m2 130 

X 104 
X 104 

0 1.1 0 9° lead 0.6 0 0 

10 1.2 42 36 1.0 60° lead 60° lead 

20 1.4 66 36 1.2 84 54 

30 1.45 84 36 1.2 90 45 

40 1.5 90 36 1.4 90 45 

50 1.5 90 36 1.4 90 40 

60 1.4 90 36 1.4 90 40 

70 1.4 102 36 1.35 90 36 

8o 1.3 108 36 1.25 96 36 

90 1.2 120 36 1.15 114 36 

100 1.1 132 36 1.0 114 36 

110 1.0 150 45 o.8 96 0 

120 0.8 180 7.5 0.8 0 72 lag 0 45 lag 
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Model = 3 phase; Electrode current = 100 A/phase; Frequency = 400 hz; 

Probe used = N2 1; ~lase B in position Q = 0°; Phase sequence ABC; 

Phase angle ~ with respect to VBN 

r = 0.0 inch r = 1.0 inch 

QO !1. A/m2 Po ~0 go J A/m2 Po f30 

X 104 ·x 104 

60° 3.4 0 1.50° lead 10 6.5 '168 9° lead 

3.4 30 125 20 5.5 1.50 22 

3.4 6o 100 30 4.7 138 30 

3.4 90 70 40 4.4 126 36 

3.4 120 50 50 4.2 1o8 45 

3.4 150 0 60 4.1 90 54 

3.4 180 35° lag 70 4.3 90 54 

3.4 210 60 80 4.6 84 54 

3.4 240 90 90 5.2 72 60 

3.4 270 . 125 100 6.2 66 60 

3.4 300 150 110 '1.0 48 60 

3.4 330 185 

3.4 360 210 



133 

r = 2.0 inches r = 3.0 inches 

Qo J A/m2 f30 J A/m 2 ~0 

X 104 
X 104 

0 2.7 0 0 

10 2.65 30 18° lead 

20 6o7 90 5° lead 2.4 54 24 

30 4.0 96 27 2.2 72 36 

4o 3.4 90 36 2.0 84 4o 

50 3.1 90 45 1.9 90 40 

60 3.1 90 45 1.9 90 45 

70 3.1 - 90 1.9 90 50 

80 3.4 90 1.9 108 54 

90 4.0 90 2.0 120 54 

100 6.7 90 2.3 138 6o 

110 2.6 162 60 

120 2.8 180 63 

( Mod.el = 3 pha~e ; Elec trode c urr ent = 100 A/phase ; Frequency = 4oO hz . ) 
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Variation of current density J with Input current I and frequency f. 

3-electrode model 

I Amps J X 104 
J X 104 

J X 104 
J X 104 

J X 104 

6ohz 400hz 1000 hz 2000 hz 4000 hz 

40 o.8 1.0 1.6 2.6 5.0 

60 1.2 1.6 2.6 3.8 

80 1.6 2.1 3.5 5.0 

100 1.8 2 .. 4 3.8 6.25 

120 2.2 2.9 4.5 

140 2.6 3.4 5.2 

160 3.0 3.9 

200 3.6 4.8 
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Variation of current density J with Input current I and frequency f. 

4-electrode model 

r = 1.0 inch; Q = 30 0 

I Amps - J X 104 
J X 104 J X 104 

J X 104 
J X 104 

J X 10 4 

60 hz 100hz 400hz 1000 hz 2000 hz .3000 hz 

40 1.51 1.51 2.33 3.? 5.?6 8.23 

60 2.13 2.2 3.43 5.42 8.5 

80 2.?4 2.9 4.4 ?.i3 11.11 

100 3.5 2.57 5.49 8.78 

120 4.11 4.32 ?.27 10.42 

llfO 4.8 4.94 7.68 12.34 

180 6.17 6.51 10.01 



SYMBOL 

A 

B 

GLOSSARY OF ¥~N TERMS 

NAME 

Surface Area 

Flux Density 

c1 Current Scaling Factor 

CJ Current Density Scaling Factor 

c 

D 

E 

f 

e 

g 

H 

I 

J 

l 

NR 

N~, 

p 

p 

q 

Q 

Size Scaling Factor 

Electric Flux Density 

Electric Field Intensity 

Frequency 

Force 

Acceleration due to Gravity 

Magnetic Field Intensit y 

Current 

Current Density 

Length 

Reynolds Number 

Froude Number 

Power 

Instantaneous Power 

Surface Charge Density 

Charge 

UNIT 

Metre2 

Weber/n1etre2 

Coulomb/motre2 

Volts/metre 

Hertz 

Newton 

Metre/sec2 

Amperes/metre 

Amperes 

Amperes/metre2 

Metre 

Watts 

Watts 

Coulomb/ uetre2 

CculorJb 

136 
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SYMBOL NAME UNIT 

Rc Radius of Electrode Circle Metre 

~ Radius of Furnace Metre 

T Temperature oc 

t Time Second 

• Voltage Volts 

v Velocity Metre/sec 

w Work Joule 

Temperature Coefficient of 0 -1 
a c 

Conductivity 

p Phase Angle Degrees 

'Y Surface Tension Newton/met re 

s Sk.i.n Depth Metre 

£ Permittivity Farads/uetre 

g Cylindrical Co-ordinate Radians 

lL PerllleabiLi.ty Henry/metre 

v Vise'osity Newton-sec/ met r e 2 

a Electrical Cord.ucti vity Jtiho/metre , Angular Posit ion Ra.dians 

41) Angular Velocity Radians/sec 

1') Intrinsic Impedance Ohm 

,. 
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