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SECTION 1,

PREV1 !,

The Buushv:ld lgneous Complex, the gource of ore ;.ocecesed for copper~nickel
recovery lics in the Transvaal province of the Lepublic of South africé. Tne
chief conctituent of the vast orcbtody is magnetite associated with titanium di-
oxide and in some parts witl vanadium oxide. In the Lydenburg and kustenburg
areas it contuins also rich deposits of plutinum group mctals accompanied by
copper, nickel, silver and gold. In thease deposits the major gangue ninerals
are in the form of pyroxene, feldepar and biotite, while the base metal sulphide
minerals occur as chalchopyrite, pentlandite and pyrrhotite., The platinum
group metals can be associated efther with the 1ge metal sulphides or oceur
in the form of variour mincrals, like braggite, cooperite, laurite or ferro -
platinun ( 1 ), Similar association between copper-nickel sulphides and PGM
(platinun group mirerals) is found in the Sudbury district of Canada and the

Noril'sk-~Talnakh area of the ULTiH,

There are a number of large mining companiecs engaged in the processing of
the platinum group mineralc in the Republic, the byproducts, though very valu-
able angets to the economy of the operation being copper and nickel, The ore
is treated by gravity and flotation prozcss and the concentrate is smelted to

matte moctly in electric furnaces.,

Electrothiermal vs, reverberatory smelting of concentrate containing copper

and nickel.,

As for an example to the trend of developments in smelting of the ore in
the Kepublic of Jouth Africa one of the mining companies, The Rustenbturg Pla-
tinum Mines lLtd. in its early stage of operation treated the concentrates
golely in blast furnaces ( 2 ). It became apparent that the blast furnace
smelting, apart from teing labour-i1ntensive, required aleo large emounts of
coke the price of which has increased rapidly in recent ycars., Antipollution
laws introduced by the Government added further to the problems of blast furnace
operation producirg excrusive volume of gauscs of low sulphur dioxide content.

In an intenoi.  expanaion programme, inftiated by the worldwide increased
demard for platinum meial and also for copper and nickel, the Company decided to
introduce electric smelting., The main reacsons behind this choice, which may be

regarded ap probably fairly typical also to ‘he motivation of other companies

active in the/...
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active in the sume line in this country were obviatad by two facts: a.) the
high magnesium ox!dc content of the concentrates leading to relatively high
operating tempeoratures and b.) the favourably low power costs in the Republic

of South Africa, at present about R 0,045 to 0,05 (0,07 - 0,077 #) pec kwh.

As an alternative to the electric furnace, the trcatmect f the con -
cen.rate could also be carried out in reverberatory furnacce, However, the
disadvantage referred to above in connection with blast furnace ¢ .se8, nan.ely
their large quantity and low 802 content, applive alco to the gaseouws products
of reverberatory smelting., The 302 contert on @ . verage is 1 to ¢ per cent,
a rather low value for any kind of economiz considerationu. The electric
furnace gases, on the other hand, may contain as high as 3,5 to 4,0 per cent
802 which can be regarded already as economically attractive for example for

gulphuric acid production,

Fur.iermore, the temperature of the combustion gases in a reverberatiory
furnace is high, around 1000 - I?OCOC and the lucrative opeoration of the unit
necessitates the recovery of sensible heat in the form of steam in waste heat

boilers, These boilers produce about 4 tons of steam per ton of coal, or in

case of oil firing, 5 tons steam per ton of 0‘l., With electric furnaces the
waste heat recovery does not constitute any particular problem since the tem-
peroture of gases seldom exceeds 50002 and under normal circumstances it is
rather below this figure, The lower temperature and smaller quantity of the
furnane gascs permitc effective cleaning with Cottrell electrostatic pre -

cipitators and also the recovery of valuable flue dust usually nigh in PGM,

Next point to the adiantage of electric smelting above its reverberatory
counterpart is the intrinsic versatility. Witness tc this is the worldwide
spectacular extenuion of matte ymelting furnaces to the reduction of nickel
and copprr oxide bearing ores and the recovery of copper values from slags.
kqually important is the vergatility of the furnace operation proper. Ad-
Justment of current to changen fn material flow rates may be effectédmore
rapidly and the response of the unit to theme changns (the action of the s
electrodes may be likened Lo that of a submerged burner) is considerably faster
then the recponpe of the reverberatory to alterations made to its fuel burners.
Ime chiefly to thece reasons the prospect of control and automation of an

electric furnace is considerably enhanced,

Obviously, in comparing furnace operational characteristics and

guitability of the/...
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gsuitability of the type to be used in a given process, the character of the

raw material and the purpose of the operation preper are equally important

factors and should therefore be concidered togetier. In the procese of ore

concentration for the rccovery of platinum group minerals the ore has to be
stripped of cvery concoivable metal value in order to have the maximum re =
covery of the PGM values ensured, Consmequently, the concentrate will have a
completely diffurent composition from that characteristic of the products of
conventional ore dressing aiming purely at the production of copper and nickel,
With the recovery of IGM as & main objective a lean congentrate is obtained the
gangue material content of wnich is high, greater than 60 per cent, Asa result,
the grade of the electric furrace maite will be luw, Table I - 1 based on Ref .2

{llustrates these points,

Sme) ‘ing a concentrate with such a large amount of gangue material
results in slag compositions also vastly different from thoss encountered in
gme) Ling operations vursued for copper-nickel recovery only. With the slag
composition shown in the table a consideracle incrcase in slag-mattie ratio
can be anticipated which in practice is in the range of 4,0-4,5 to 1 as cOZ~
pared with the average ratio 1,0-1,5 to 1 obtaining in reverberatory furnaces,
Therefore in electrothermic esmelting the slag hed will be much deeper. The
deep bed is advantageous for an effective slag-matte separation and it is
easy to realise that with the type of concentrate handied the lower £lag-
matte ratio of the reverberatory would cause the slag to flow at about twice
as high velocity as in the electric furnace, As a result the anticipated matte

losses at the same rate of production would also be almost doubled.

An essential difference between the two processes is ‘+he source of

heat and the way it is tranaforred in the melt, In a fuel=-hicated reverbl
furnace the heat t-anafer from the impinging flame is via the charge, slag
and matte, that ig from the top to the bottom zones. In the electric furnace
where the heat is generated by the elestric current through the recistivity
of the slag, the heal ia produced under the electrode in the path of the
ourrernt., Therefore the preferred, though not necessarily exclusive direction
of heat flow 1g from the bottom zone to the top, 1In an electric furnace there
are no combustion gageoy thone produced originate only from chemical reactions

including the oxidation of the electrodes by the charge. The heat balance in

the two types of furnace differs considerably, Based on available literature
data thin nspeet is cxemplified in Table | « 2, Heet recovery in the waste

heat boilrr of reverberatory furnaces for the case of dry concentrate is

around 40 per cent/...
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Table 1 =3, Furnace characteristics and oprrating data.

Diameter of electrod
Flectrode distance ¢
Transformer: three
Secondary voltage:

Maxjmum power Mw

~ Size of furnace inside brick work, lengthxwidtihxheight, m

eg, m

entre to centre, m

single phase, rating of each MVA
variabtle bty onelozd tap changers;, v

Maximum electrode current, kA
Total bed depth m
Slag depth m
Matte depth m

Taphole locatior, meter, from bottom of furnace

Slag tapping : continuous, temperature °c

Matte tapping: intermittent, temperature oC

Typical operating data

Power MW

Current kA
cos

Materials:

Temperature

Ration ¢

concentrate (pellets) t/h
total charge t/h
converter return glag t/d
furnace slag t/h
furnace matte t/h
H slag out oC
matte out "
slag:matte
slagiconcentrate

26xTx4,5
1,25

3,4

6,5

17V to 250
19,5

32,4
2,1-2,3%
1,3-1,6
0,7-1,0
1,56, 1,76, 196
1320 )-1380
1100 =1200

18,5
135-18,5
0,98
18
23
90-110
21

4,5
1350
1180
4,6:1
1,1:1
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around 40 per ceut of the hcatirg value of the fucl burned. When operating
with dirvect smelting of wet coucentratcs, the recovery is higher, amounting

to something of the order of 51 per cent of the fucl's heating value. For

the case of the pullets charged into the electric furnaces concerned, a figure
of 42 to 43 per cent is a realistic valur and wan used in the calculation of
thermal efficiencica., By the indication of the rosults evern with waste heat
recovery the thermal efficiency of the rcverberatory furnace it much lower

than that of the clectric furnaces.

Scope of the present work,

The electric furnaces installed at Rustenbnrg VYlatinum Mines Ltd were
choser. as "model” or "reference furnaces” end as cuch scrved for tacis of the
investigations. Iheir letailed descripticn is given in the literature. ( 2 ).

The mair. furnace charac‘eristics and operating data relevant to this study

are compiled in Table 1 - 5 while figure 1-1.) illustrates <he electrode ge-
ometry of ‘he units. Ina brief swmmary the emelting operation ircats a
flotation concentrate which s a low-¢rade Laze metal concentrate of high

MgO content, The concentrate is dried then pelletised on disc pelletizers.
The semi-dricd pellets, containing about <& per cent moisture are blended with
flux2s (cousisting of limc stonc and occasionally iron ore) and are choke~fed
along the eide-walls of the lurnzca. ™e feecing to eanch electrode is carried
out by maraal control. T.e furrace is rectangular with €-ineline electrodes
connectzd in pairs, each pair gupplied by & separate transformer from a single-
phase of a three-phaie syrtem, In the process of smelting the concentrate
separatcs into two phates, slag and matte, The slag is ta. ped continuously,

the ratte intermittently. Thic is cast into moulds for further processing

while tre slag in granzlated with water and discarded. The converter slag
obtained from the vlowing of the furmace matte is returned to zhe electric
furnnce for the removal of entrapped matte, By virtue of its FeC and 8102

conternt it alad ge~ven atc a condjtioning agant for the electric furnace slag.

Taus the rcle of the eloctric furnace is 1,) to melt the concentratoe,
2.) to recover most of the matte entrapped in the converter slag by way of
physical and chemical interaction Wwith the furnaca slag and 5.) to separate
the produccd ratte, containing the valuable metallics, from the slag. In a
true zense ft g by no mears a subnerged ave furnace since, apart from micro-
arcs, no real arcing lakes place in the unita, Conueguentlyy~dhe matte

emelting furnace operates at subastantially lowe» temparatures than those

ot iiining around the/...




obtaining around the tips of the electrner in a true subnerged-arc furnace.

As for a basic difference between the oporation of the two the position of

the electrode in casc of the matte umoliing furnacee is always well-defined

in the rlag bed, while the exact «'vctrode~rlag relationship in the submerged
arc furnace i: not known., The heat in the furnace is generated by the current
vassing through the slag accordine to the ]?H formula, thus the resistivity

of the slag is of prime importanc- in the overall efficiency of the operation.
Ag a control parameter it stiputates the distance between the electrode and
matle surface and, conseiuently, it serves also as a deuign parameter in the
electrode geometry., To thin ~{fect the position of the electrode in the melt
detormines the mode of hent ainsipation which, on the other hand, gives the
sm~lting area, in other woera: the depth (an well as width) of the bed proper.
As regards tle electrical »'ficiency, a decper slag layer is advantageous in
that it permits the usc of higher voltage, lower amperage and, thereby a
higher power factor caw l2 attained., Oince the depth of the molten slag layer
is decieive also in sctiling of the matte particles separated from the con-
cenirate, tle electrodr position set by the resistivity of the slag ;a8 an

important tvearing ir -he wnole economy of the furnace operation.

Fror th¢ cr-lting efficiency point of view the viscosity of the slag

is an equaily imjo.otant factor both in reverberatory and in electric furnace
operation. it afiects the flow quality of the melt and, as such, also the
settling of Ltie natte through the molten bed of slag. Unfortunately the

action of ti.: - two most important nlag properties is cppocing, i.e. increasing
condurtivit:. . are aassoc.a'ed 2y, decreaning viscosities, Thus while the
decreans ir sonductivity (i.e. increasing resistivity) would be beneficial

for the b sting of the slag, the gimultancous increase in viscosity, due to

its dotri-ontal implications in matte settling, tends to diminish the gain

that wo..d engue from the increase of the resistivity.

The third factor in the line of equil importance is the liquidus

Lo rature of tne nlay,  From the astandpoint of process cconomy this should

)

Lo as low us posaivle to dimindeh rndiation logsea. The significance of low
11quidus wemperatures {1 oven greater in that they dccrease lining wear and

could tring about rather jmportant savings in costly refractories,

In every eleoctric smelting process there ic A slag of a given com=

ponition range which {s best suited for optimum operatior efficiency by

virtue of ita physical characterintica. The previous line of thought amply

{l1lustrates the/...
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illustrates the riguificance of the knowledge of these important parameters.
There is no way of predicting theoretically these properties from the com -
yosition of the wvlug a fact, which will alco exclude, or at least strongly
diminish, the possivility of making predictions as Lo the economic feasibility
of an electric smelting process with the use of a slag of given composition
but with rather vasuely defined physical characteristics. Therefore the
purpose of an investigation of this kind should be to cstavlich, at least
within a limitad rango, the trend of change in slag behaviour that can be

expected when the slag composition will be sublect to alterations,

The preesent work was urdervtaken with an objective to investigate the
change of various slag propertics with the change of slag composition relevant
to the smelting ¢ copper-=nickel concentrater whe:s the operation 1is carried
out with the main purpose to recover the 1'G¥ values in rectangular furnaces
having six=in-line electrode arrangement, The topics seclected for study were:
viscosity, electrical conductivity and liquidus temperaturec of composite slags
having conpositions which are likely to occur with the chanje of the type of
ore from one deposit to an othery the same prcperties of current plant slagsj

golubility of matte in the slag arnd the dcgree of slag-matte separation with

the change of wlag composition sive distribution of matte particles in the
slag trd, - The data obtained were used to determine the effect of slag com=
position upon furnace ojperating characteristics such as voltage, current,
power, furnace resistarce (hearth resistance). Viscosity data were correlated

vith matte cetilirng in order to define gettler dimensions required for optimum

natte, i.e, metal valunn recovery, The poasibility of =lag optimisation in
the 1light of the measured vincoritics and ¢lectrical conductivities was examined,
Finally, in the pougerasion of the avatlatble results the investigations were

extended on the bvasis of similarity principlesa and heat tranefer considerations

toward scaie=up and in general, to furnace syamctries in the frame of the
gpecial rectanmlar furtace denign, Lome thought was also given to gymretry
relatiorshipn with clectrodes being arranged in (-in-line and jejin-equi =

lateral=triangle cort niration,

Basically thin ptudy ir an attempt to analyse the operation of an
exigting unit in the lirht of the slag characteristics concerned. That is
how varioun physical and physico=chemiecal properties as determined in labor=-
atory teotwork nay bhe applird to predicting the operating conditions of a
working unit and how they could lte used as basic criteria in furnace design.

While conuiderable work hat been done on thio line pertinent to threr-

electrode circular furnacen used for the production of ferro=alloys, pig iron

and electric steel/...
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and electric steel, the data available in the literature concerning non-
ferrous applicationg with particular reference to the ircatment of copper-
nickel concentartes are far from being abundant. The difficulty as well as
shortcomings involved in an analycis of this kind is that it has to be re-
stricted to a fairly narrow range of slag compouition in order to obtain
comparable results, Otherwise the comparison can canily be misleading or
even meaningless. let the point be illustrated by the example of two
furnaces of virtually fdentieal uize treating copper-nickel concentrates
and producing clags of entirely different character, Helevant data are
gshowr. in Table le4. In addition to the compusition quoted the Thompson slag
contains some 3 to 4 per cent alkaliecs with 1 « 2 per cent gulphur., With
the exception of A1205 5 there is virtually

nothing cormon between the two slags and by practical conciderations and

ar.d to a certain degree of 5i0

also by the results of the present investigatious rot much succes,; if any,
could be expccted with the Thompson slag under the operating conditions of
the Rustenburg furnaces., Yet the slag is perfectly suitable for the purpose
of the Thompson furnace, the symmetr, relationships and electrical data of

which are almeost identical with those of the RIM units,

From this comparison the importance of the character of the feed
material becomes immediately evident, 'The indication is that materials of
vastly different properties can be successfully processed in the same unit
provided the operating parameisrs and electrcde geometries, that is for a
given electrode diameter the depth cf the slag and matte beds and the depth
of electrode peretration, are set according to optimum operation efficiency.
For the particular characteristics of the ores originating from the Bushveld
Igneous Complex the mode of furnace operation adapted for the recovery of PGM,
copper and nickel in the planto proved to be the most economical, Since the
gereral approach of the present ptudy rests on this particular raw material
and mode of nrocensing, the results and conclusions arrived at will have to

be viewed and juagmed primarily in thio conte.
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SECTION 11

MEASUREMENT OF WLECTRICAL CONDUCTIVITY Al VISCCOTPY OF SLAGS.

a

1./ The range of slag compositicn selected ror the measurement of

electrical conductivity and visconity.

The selection of the range of slag composnition was borme out by
practical considerations pertincnt to the operation of clectric furraces
already in use for the smelting of copper-nickel containing ores in which
platinum group metils are accompanying elements, It can be anticipated
with reasonable certainty that from these type of orce from the Merensky
lef deposits having comparable composition and similar metal valuec, Lhe
process of bencficiation will yield concentraics also of gsirilar composition
and metal contents, Otviously, the conditions of their processing in
electric furnaces should also bear close rescmblance both with regard to the
quality and quantity of flux to be used and the physival characteristics and
composition of the slag, ac the fmportant heating media, to be produced in

the moat economic way of furnace operation,

Since the composition of tne ore, therefore also that of the con =
centrate variea from location to location, it is of considerable advantage
to be in the porition of predicting the smelting btehaviour and thus the
economy of the furnace onr the basis of expected changes in the compocition
of the slag. Becaune the renistivity stipulates the heating characteristics
and the vinconity the matte-settling ability of the slag, in the knowledge
of the effnct of rlag composition upon thene parameters it will be nossible
to predict the necegoary adjustmente that will have to be made to the
operation of the furnace with the change of one or more of the slag-forming
conntitientns, Thus for example 1f the FeO or Mg0 content of the slag
originating from the amelting of ore from a new orecbody is anticipated to
§ncreane noticeably above that contained in a slag which can be termed as
economically sound for electric furnace processing, the knowledge of the
response of variationo in conductivity and viscosity facilitatee the ad-
Justment of flux addition, the entimation of the quantity of new ore that
can be procrsned on a monthly or yearly bases, etcs Therefore to obtain
results of immediate , actical importance, the range of composition of the
slars to be jnvestigated was gelected partly so as to follow closely those

of the elcctric smelting furnaces, called hierafter reference or model

furnaces in operation/...




Table 1I-1l. Compounition cf nlags selected for the truts work.

A. Synthetic glasre

Group slag Chiemical composition
No No
FeO Cad Mgo 510, Al?o5 Bapicity Ratio
per cent g:éf_;;;g Lay
10 ¥.g0
TR
1 1 #0 1% 16 A6 5 0,67 0,8
2 20 16 16 43 é 0:73 1:0
3 20 19 16 40 5 0,85 1,2
I1 4 20 16 13 46 J 2,63 0,8
5 20 16 19 40 5 0,85 1,2
111 6 20 14 15 46 5 0,63 0,95
7 20 16 17 42 5 0,78 0,95
8 20 18 19 30 5 0,97 0,95
1V 9 14 19 16 46 5 0,16 1,2
10 26 14 16 39 5 C,77 0,9
v 11 14 16 19 45 5 0,76 0,8
12 25 16 14 39 5 0,77 9
FeO Fc?_o2
13 85 15 16 17 42 5 0,77 0,95
14 40 €0 16 17 42 5 0,77 0,95
B. Slag samplen obtaincd from the plunt,
Composite
Monithly
Oct, 1972 1 20,9 17,7 13,7 40,4 4,8 0,78 1,29
Nov, 1972 2 2142 15,9 14,4 41,6 4,9 0,73 1,10
Daily
Sampl e
4/12/1? 3 2C,0 16,1 12,8 40,3 445 0,72 1,26
‘)/12/'],’_) 4 19,7 16,6 14,1 40,2 4,4 0,717 1,18
12/12 9 18,3 16,6 13,6 40,1 51 0,76 1,23
9/12/72 6 15,7 18,1 14,8 41,9 51 0,76 1,23
12/10/72 1 19,0 19,6 1342 42,9 4,6 0571 1,21

v
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furnaces in operation ut KI'M, In this countixt, for a otart, theue slags
were regavded as standard slage Por further considerations, A study was
made of thc slag composition reported al the plant, emhracing a two months

period in 1972, Thc composition fell within the following ranges:

Chemical compocition, per cent Basicity Ratio
ratio Ca0/Mg0
FeO Ca0 M0 510,  A1,0 Lol 10
: 2”3 510,
14 -24 13 - 18 13-17 39 - 44 4 - 6 0,05=0,80 0,9 - 1,0

Because of considerations involving plant extensions with new uni s operating
or. raw materials from new orebolirv with an antlcipated increase in the FeO
and Mg0 contents of the slags, the rauges of the comporienits quoted in the
table had to be extended,

The propused slag compouitions were vased on grouping the FeO contents
in the ranges of 14, 20 and 26 per cent respectively, The other oxides hLave
been varied within a amallexr range, the ratios being maintained in accord with
thoee experienced in the reported range of slag composition for the plant as

gshown i1 Table 1I - 1,

1t was considercd desirable to fix certain constituents of the slag
in such a way that the clectrical conductivity and the viscoeity of the slag
may be correlated wi'h ong other parameter, €.g basicity ratio. For example

in elags 1 to 3 in Group 1 the FeO and MgO contents have been kept constant

g0 that the valu: of the physical properties of the slag may be plctted against

the barn tio, A similar correlation may be obtained by kecping the (a0
content 1.0 or by maintaining a constant ~alue for the ratio CaO/Mgu.
In the ¢ - - ooer toe phynical properties of the slag may be cor=-

related with the iron oxide content by maintaining a conatant velue for the
basicity and either a constant value for Mgl or CaC., Table Tl-2, indicates
the correlation which should be posaible betwecn the physical properties of

slagus and the sclected pavametera of compotitiou.

Exporimwntayﬁ/
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Flegurce 1]=2

Figure 11-3

ey to ¥Vipures 11-2 and 11-3,
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2.
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4.
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7.
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9.
10,
11,
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15,
14.
19,
16,
17,

Hubber astopper
Astentos cement heat shield
Mullite furnace tube (5,1 cm o.d.)
Platinum crucible
Pt=Eh thermocouple
lurinos cement crucible support
Mullite tube holder fTor crucible support
Send useal box
Flanged holder for mullite tube
Movable bas2 attached to furnace supporting bars
Holder for thermocouple sheath
Theraccouple sheath
ripe for gas inlet at the top of the furnace

bipe for gas inlet at the bottom of the furnac:

U-tube manometers

Gas drier and mixer tube

3-way stop cock

line for gas irlet to the top of furnace
Line Jor gas inlet tc¢ the bottom of furnace
Variac for power supply to furnace
Furnace

Silicon cartide heating elements
Thermocouple for power supply control
Flectrode holder

Platirum eclectrodes

Constant resistance

Oscilloscope

Variable resitance box

High freaus power generator

Varjable acitors

Temperature recorder




Figure 11-2 PLATINUM CRUCIILE SUPTORTING MLCHANISM  AND FURMALE TUOE,
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2,/ lLFxperimental,

2.1. v tateriala “or componite olar:,

In theee soerice ef investigations ir order 4o sinulate cor. -
ditions <2losely to those oniaining in prastical furnace operation, the iron
oxidc had to be precent peedominantly no divaleul oxide, Ve?‘. The ferrous
oxide was produced by the thermal decomposition of ferrous coxalate, Fc(COO)?c
2i0, by heating slowly to 700°C in an atmospherce of nitrogen, keeping it at
tris temperature for 10~1% minutea, taen ralsirg the temperablire to 950~lCOO°C.
The high temperature cansed the oxide to sinter slightly which effectively re=-
duced the surface reactivit, toward air after coolirg.. The sauples were held
at 1600°¢C for atout 1% minutes then cooled rapidly to a tempurature telow
SOCOC. The fast cooling was necessary to prevent the material from being
transformed irnto magmetite, The average divalent oxide contert of the coue

pound that couid e attained by thiv nethod varied between 89 and 95 per cent.

The other oxide congtituents of the slug were calcincd at llOOOC
prior *o making up the slag composition, The oxide mixtures were then
compressed into dises and melted down urder reducing conditions irn the
furnace in pletinum cracibles, 150 g of melts were used in cach test which

securcd adequate depth for electrode immersion,

2,2, Equipm-nit, Ao/ Murnace,

Mo furnace wag of circular crosc-section housing six silicon =
carbide heatirg elements connected in series from an automatic control
- . . O

parel and capable in this way of eprrating at tempe ratures up to 1600°C,

A schemitic repreasentation ir given in Pigure I11-1,

™he ancilliary equipment had to facilitate inveetigations to be
performed under cortrolled atmorphere, This invelved the installation and
calitration of various U-tub: manometers for measureras the flow rates of

N2, ”2'
furnice tube, a heat shield constructed of asbestor cement discs was attached

¢ nnd CUZ' For the purpoce of introducing gesen on the top of the

to the rubber plug cloning the tubo, 1t was aleo necencary Lo ensure a
complete air neal for the bottom of the tube and alvo for the thermoconuple

sheath, The arrangemcnt in shown in iMigure 11=2,

huring preliminary runs it beaame ovident that the rates of heating

and cooling were/s..




and cooling were of considerable importance in securing truly comparable
conditions for th: various ruvro, JFor the recording and controlling of the
heating and cooling rates aRik. Penki" two-point tempersilure recorder

was used,

The platinum cruacitles, 7% mm high by 3% mn wide with 044 mm wall
thickness were seated on a sintered alumina or alternately, fircbrick holder
supported by a4 mullite tube containing the thermocouple cheath., The tube was
mounted on a base that could be ruisged or lowerved and thercby the required

vonition of the crucible in the hot zonc of the furncce tube attained,

2.3/ FRlectrical conductivity,

The electrical conductivity was mescured by a modified Wheatstone
bridge taochnique. The nodifications included a variable capacitarce opposite
the conductivity cell in order to balance out any inductance effect. Ko
provisions were made to minimise the effect of furnace frequercy and the mains
frequency ty the application of say a combined system of shunt capacitors and
low frequency filtern., As it became evident in the course of the calibration
of the equipment, even the variatle capacitors that were supposed to counter=-

act induction effects proved to be superfluous and could be dispenscd with.

The electrical meosuring cystem consisted thus of a bridge cireuit
containing the two constant resistances, the ncasuring cell contalning the
slag, and variabl- capacitorn connccted in parallel with the cell, iigh -
frejuercy alternating current was fed Lo the btridge bty i transistor i.C.
orciliator Typr T 1%0 li4, while for null-instrument an oucillescorpe, Type
56> wis urcd, The temperature of the z2lag wur measured by a 6=khe?t/20«Rh=Pt
therroscuple ingerted from the bo'ton throush the mullite tube supporting the
platinum crucible, 'The point wold of the thormoc suple was carefully adjusted
in cach test to a distonce of 1 an frow the crucible notiom, Thermocouple
FME was determined with the aid of a Cambridye potenticacter, In order to
attair mavimun aensftivity in the circuit, the constant recistances were

gelected o an Lo be elose Lo the popintivity of the slag, being thus of

5 olun value,
Mo electrodes were mads of 2 mm dianeter platinum wires spaced
parallcl to eachother 10O mm apart between centrese  The electrodes could be

lowercd or raiced ty a rack-and=pinion device to which a vernier caliper

was attached./, ..
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was & . O L - 3 R . K ' R 3
3 attachedy in this way their dopth of inwercion could Le easily adjusted
within + 0yl m both for calibration and hiph Ltemperaiure measurcments.

A diagrin of thie complate frotallation 48 gives in figare 11=3,

{ £ o v et g, \ . . . .
Calibrutior. for corductivity, Irom the workn of variousn investigators it

would appear that a frequency of 10 kHz is
the mozt sensitive range for Wheatotone bridpee technique, A series of tests
were carricd out using 1% kilz and 190 kllz frequencies with aqueous sovlutions

of various concentrations. Ho diff rence whatnoever in the sensitivity of

the system was raticed, btut the atsolute reristivity valucs were considerably

different. since the industrial furnaces operate at low frequencies (50-60
Hz), this fact may leave some doubt as to the atsolute value of resistivities

measured in the laboratory when they are to be interpreted for large - scale

operating furnaces., However, a reasonable assumption that can be made for

the present purpose = that the relative recistance of different slags at

say 10 kllz corvesponds with the relative restistance of slags at 50 lz, The
measurement of resistivity at this low r'requercy would, in any case, involve
considerable difficultins, ray bty the use of dircet {i.e. voltage/current)

meapuraments leading to impeda..ce vather than resistance values,

The calitration of the cell containing the electrodes was performed
using 0,1, 0,5, 1,0, 2,0, 4,0, n, NaCl and KCl golutions with the analytical-
grade reagent disgolived in de-jonised water, i brass erucible, identical
in pize to the platinum crucitles of the high temperature tests was used in
the calitration. It was kept in a thermoetat the temperature of which was
controlled at 20%,  Toe depth of immersion of the elecirodes was adjusted
to a conctant 10 mm, thin being meacured from the point at which the electrodes
first became in contact, i.e, bridged by the electrolyte. The cell resistance
varies greatly with the depth of immersion in such a way that the smaller the
depth the greater is the regintance, indicated by a hyperbolic plot. The 4
gradient of the curve increaces as the depth of immersion decreasesy thus
the error in positioning the eloctroden increases, A 10 mm depth of im =

mersion appearcd to be a nui table compromise, ,

On the other hand it wage found that in aqucous solution the

separation of the olectrodes does not alter substantially the cell resistance,

For the usake of comparison the calibration was carried out with electrodes F

being reapectively 9 and 10 mm apart (contre line to centre line), I

The deplth of the liquids wan kept conclant at 50 mm in the crucible

for a.l nolution/,..
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for all solution concentrattions, although Kiebling has found (1) that the

(Y 3 . ’ ~ 3 -~ . . : . v .
cell constunt at fix-d dopth of jwmcersion and Crequency of current waz in =

dependent of liquid levels botween 2% and 40 oo,

The recistivity of the slag ic inver.aely proportiunal to the
conductivity accouvding Lo the relationship

)
I - i}: G 10/

where Ke revistivity of slag in the cell
K conductivity of the slag (specific resistivily)
G » cell conutant.

The constant G is a term dependent on cell geometry
G = 1/A

in a cell of length 1 and uniform crosc-section A, By taking logarithms,
from equ Y./ we get
log K = = logk + log G 2./

Thus a plot of loglo R ve loglok. ghould be a straight line as indicated
in figure 11-4. from which

log, G = 1,615 + (=2)
and G = 0,65 ohmeem™} = 69,9 sm~)
Figure 1l-4. incorporates the relationship for both 9 mm and 10 mm electrode
distances showing good agreement between the two graphs, As will be obvious,
the point: ottained with golution concentrations of 0,5 to 3,0 n show very
slight scatter from the atraluht line, tut the value given by the 0,1 normal
golation i85 off the trend, In an atiompt to improve the results various
capacitors (0,01 to 1,0 p¥) werc added to the circuit by inserting these
capacitors in parallel with the variable resistance, Even the smallest
addition of capacitorr to the circuit could not bring about balanced con -
ditiong. The samn type of circuit in which no capacitors were used wag
employed {1 tests earried out both in aqueous rolutions and in the molten
clage. The reoultn of ealitrations obttained with various staﬁdard solutions
at frequencies of 190 kHz and 19 kilz are compilcd in Table T11-3,

Fortunately, the deviation from linearity was found to be greatest
for the leant concentrated nolution of high recintivity, much above the
resictivity of the nlags under invertisation, Thus for practical consider-
ationn the non-linearity in this repion does nol constitute any problem in

the present work,  The deviation from lincarity could be attributed to

polarisation of the/...
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poiarisation of the electrod o by ionc in the colution. According to
Riebling and Logel (1) the eapacitance effects nppreared for the more cons
centrated solutions of ¢, which i contrary to the present findings. They
obtained reactince-free impodance by evtrapolating the meanured impedance
to intinite frequency, When using Wheatstone or Kelvin Vridge methods, the
frequency dependence of resistivity is about 9% over the range of 500 -

10,000 o according to
R = - K }
V (m) “v( (‘:’) + }\/\ 2&./
are R ameasutred resitane: ¢ P OaNeT e s
Here Yim) reasured resitanc: at frequency poand Hu(oo) = polarisation-

fre. resistance at infinit. froquency respectively, K is a constant depending

on the character of the ajucous solution, molten slag or salt sample., Now a

e
However in the precent study the came procedure was of 1ittle help in im -

3
plct of lb(nﬂ va., 1/V° ean be used to find Rv( ) by extrapolating the plot.
proving the results, the pointe continued to deviate from the straight line

relationaship.

The measured resistivities had to te corrected for the resistivity
of the leads and platirunm clectrodes, This was determined by shortcircuiting
the electrodes i meveury giving a recult of 0,88 ol The rcsistivity had
to be corrected alvo for temperaturs, the effect of which was found to be
0,02 ohlin Letwoeen 10500 and 15Wwoc. - i check wap made on the performance
of theweatstzna tridye by substituting a variatle resistance box for the
cell., Leviations Yatween the actual (¢ell) resistunce and the resistarce
meagured althougs present, were found to be of no significance for practical

considerations,

Mode of oprrations After melting down the pelletised raterial the

malten ulag was maintained for approximately
1 hr ir the furnace whe eafter he repsistivity mearurcments connenced, The
highert temperature zone in tor furnace had been determincd previously by

pord tioning the Ve eonple aiong the length of the furnace tube ond plotting

the leacth ve, Lemperatiare peadingae  Pigire 175, indicates that within

A contiue trrs arod the centre Line there ic very little change in furnace

Lompe rature,  Therctare A1l elagss were keptoin this range whereby temperature

U' . h Y
flucturtions of now more thun H% could be rocured,

])nrj“n lnnl t’j“(l:..(]()w“ Lh»- ""'Ot(‘(‘, t,iv() ‘::lﬂ wa intf‘()d\h’)l"d f"o”l t}]e t‘.‘p

of the tube, At the ctart off the pegintivity measurements the flow was then

reversed with the/,..




Table  11-4,

Liquiduns temperntures md resictivitics of oynthetie slapre,

Group vlag Dotermired Regictiuice measuremernts
No Number Fiquidus " o, , o, 0.
'I‘(‘mpf' retiran Lelet 50 C LiaTe4 ')( C IJ.T."‘]—()O ¥
o, (Orm)
I 1 1333 5095 5935 2090
2 1300 3,3 3,10 2,60
1719 5960 5.?5 2055
Il 4 1%09 4,40 4,00 3,00
5 1355 ?430 2,20 1,97
II1 6 1310 4,00 3,60 3,00
1350 L0 2980 2’45
8 1389 2,8% 2435 1,80
v 9 1350 4,40 3495 3,10
10 1329 7420 2,10 1,80
v 1l 330 4,30 3,70 2,60
12 bYs 2430 2,17 1,95
VI 13 1379 2y 2,58 -
14 1350 2,87 2,68 2,20

19 1275 2415 1,90 1,80

P
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Table [1<b,

Liquidos tenperatores and resictarecs of plant slagre,

I te 511 Detern! Hesistance lMeasurencnts
of Number Liquid. o) (o] o
varpling Temperatures LoTer307C LaTa#8072  LaTo410C7C
o )
¢ (Ohm)

Compovite
Monthly Uample

Octoter 1972 1 13138 3,30 3,00 2,60
Noventer 1972 2 1328 3,35¢C 3,24 2,85
Compo.ite

hay sumple

A/ z2/17 3 1330 3,29 3,10 2,60
5/12/ 12 4 1535 3,10 2,865 2,35
1/12/12 5 1340 3,22 2499 2450
9/12/1% 6 1340 3431 3,08 2,45
12/12/1. ! 1525 3,28 3,04 2,50
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Figure 11-8, MEASURED RESISTANCE = TEMPERATURL KCLATTONSHIP
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reversed with the aid of the 3-way cock shown in figure Jl-?./. and thn gas
was blown irto the tube from the bottown. ‘the s mixture, componed of h?
and h? (in a few trial tests with CO invtead of H?) at adjunted generally
g0 an to give a flow vate of 1,2 to 1,5 1/min N, and 20 ce/min 1, measurad
by the calibrated Us-tube maoometers,  ‘Phio maintained up]mupriatf,; reduzing
conditions in the furnace ard kept the YO from being oxilined by the &t -

AN - v .
mosphere while the te ’/ru5' cquilibrium wau fixed colely by the compoeition

of the slag,

Witk the aid of o mirror systen the electrodes werd caresfully
aligied in the centre of the crucitle wnd lowcr-iinto the m2lt whan the
temperatare of this rcachod atout 1515-15?3°c. The: contact with the melt
surface was indicuted by the collapse of the wide oscilloccope band, then

the depth of immersfon was adjurted exactly to 10 mn on the vernier scale,

Come of the slags, vorecially those with high FeO and 8102
contents exhititod a tendency te boiling, Due to this tendency it wzs
difficult to zarry out conductivity m asurements with these clags on both
rising and falling temperauives, The best mode of operation had to be

found out during the test,

As mentiored already, the heating and cooling rates were found
to have a eignificant effect on the measured registivity., For the sake of
uniformity of the opera*ion with the aid of the temperature recorder tre
rates were kept at 1,5 to ZOC/min, from above the liquidus temperature, -
On the compiction of the test the slag wag quickly cooled in controlled

atmonphere ard fros the cold rlag a ranple was taken for FcO determination.

Kesulte g s.oennnfon,  The reezlts of the conductivily mearuremente at

s

three different temperatures above liquidus to =

gother with the liquidus temperaturcs of the slags
are given ia Table 11-4. In addition to the synthetic slage further tests
were carried out on seven plant slamn originating from one of the furnaces
in tre smelting plants  ‘The reculta of terts carried out on these slags are
contained in Table TT=5, Fi{yuren 11=4 to 10 give the changes in res.star-e
with temperature, The resulty are plotied as onms ve. temperature and log
of resictance versun the rcciprocal of temperatures Therefore these graphs
give the actually measured net resictance (k) in ohma, as read from the dial

gettinms of the resintance box, between two electrodes spaced at a distance

of 10 mm/...
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of 10 mm., Yo convert tac data either to cenductivity )\(Ohmul.cm-l (or Cm ™)
or to specifi: recistivity, ¢ ohm,cmy the cell costant mast be taken into
consideration, As indicatid already, from {row the plot of 10“]0 s 10610“
in figure 4. the cell coustant was ealeulated as £5,5 il or 0,655 ohm™ om s
Since
Ko 4./
n
the conductivity values can be ¢binined by divivding the cell consiant by

. PN . J R R ~ ."l -
the meagured resictaree valuen to get v in Gw T, Actnally the results will

reprecent G
K o= Ty when R = R = rA 5./
Rea-r h
K
Where Cr . is thn cell constant for the giver depth of melt (r,) and depth
12 -
of iwmer&cion of electr:de, (r2), R is the apparent resistance and gR is the

resistance of the leads., The lead resistance had already been accounted for

and rl and r? were kept constant throughout the tests, The specific resistivity

in ohm.cm is ihen given by

100
= 65,5 X Rn 60/
The corversion between ¢ and R is indicated in figure 11,) The calculated
conductivities together with the loglo values are yplotted in graphs 12,) and
13.). The relevant data rclating to the plant slozs are shown in figures
14.) ahri 150)

The cell constant is an important parameter in determining the

relatiornship tetween cell geometry and slag resistivity as from equ.l./

7./

= |

1
R = "

Since the electrical conduction takes place tetween cylindrical conductors,
by theoretical conzideratiorn based on the concept of equ.ily charged
eylindrical infinite wires as proposed by Attwood (2) (further an this point
faee next nection), the above exprescion relating to the cell constant can te
formilated so as Lo inveolve electrode geometry, i.e. size, spacing and depth
of immeraion into the electrelyte and slag melt respectively. In the cell
arranpement used for conductlivity measurements the expression will relate to
the capacitance between two electrodes these being regarded as equally
charped, parallel, cxlindrivnl fnfinite wires 1 units in length (imme rsed

into the slag) and of radius r spaced at a distance S between cenire to

centre, Thue
G“/ooo
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- 18 =

R T
voE T = 8./
.1

giving in fact the capacitance in the ropion between two electrodes. The
basic principle of this formulation fe thal by virtue of the relationship
between capacitarce und corductance

G
C = = 9./

(€= dielectric ccustant of the madiwn and 6 = charge dersity per unit area
of corductor) Joriulas related to capacitonce can bs appiied to the cal -
culation of conductance, For the cell usysten used in the cenductivity tests
where the diameter of the electrode was 2 mm and the depth of immersion 10 mnm,

the cell constant will bte

w227 e .
C = —-I ! = 78,9 Sm
3,14 x 10

The difference between the higher theoretical and the previously quoted
measured values of G is most likely to be due to what is known as the
crucible effect in which the proximity of the crucible side walls and base
offer additional path of conduction and hence contribute to the decrease in
cell constar.t, with the incorpoeratiorn >f the cell constant and figures 14.
and 15. the range of the electrical chnracteristics of the plart slags would

te as followe:

1400°¢ 1450°¢
Conductivity Sm-l 23,8 - 21,5 28,5 - 21,¢
Specific reaistivity ohm,cin 4,67 - 4,21 3,98 = 3,52

Resul te ottafred wity synthetic clugs,

The liquidun temperatures were detormined from the graphs showing
log of resistanee vi, reciprocal cf temperature, There is a distinct change
in the slops of the lines at the onset of the solidification of the slag and
thio point was taken as the liquidus temperature, It should be mentioned,
however, that the value obtidned in thips way is not necessarily in complete
agreement with the liquidus temeoraturen measured by the viscosity method,
The electrical system for determining resistarce, depending ont the character
of the zlayr, might pick up at an carlicer stapge than does the viscometer,
changes hroupght abont a,/ by cryntal formation in the liquid slag, or b,/

in the componition of the liquid phase consequent upon crystallisation

changon

of the primary phase. The temperature - resistivity relationship for plant

slag No - 1 ia shown in figure 16 for a wide range down to the temperature

at which/,..
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al which there in a predowminance of crystalline material. . According to the
, AT s . . . . IR ¢ \ ,
graph the firvst indication of the liquidus is around 1370°C, From resistivity

meacurements the forrer was taker for 17 uidus temperature,

The diccussion of results woing the grouping of slagn as outlined
in Table 11=2 can bLe . owned up as follows: (the pgiven resistivitices if not
indicated othrrwise, represent valuer obtairned bUOC acove liquidus temp, )
Group 1., HKelation between resistin ty and bacsicity ratio at constant MgO,

FeO ard varying Cal), UiUP contents,

As indicated in fig. II-iY. the resictivity decreases slightly
with the increare in the Cad content and in basicity ratio., The slignt ir.
crease at bUOC atove liquidus is protably due to incomplete equilibrium in
the slag, plus experimontal error. The small decrease in liquidus temperature
canrot be regardsd ag sigmifisart,
arcap 11, Relationship between recistivity and basieity ratio with constant

Cald and ¥eQ but with increasing Mgh contert ir the slag.

Figure 18, shows that the effect of the change in Mgo content is
far more pronouniced trarn that of Cad, Increasing the VNgO content from 13 to
19 per cent will decruase the resistivity bty 30 per cent while the liquidus
temperature will rise from 1208 to 135000.

Group 111, Relationship between resistivity and bavicity ratio with increased

Ca0 and MeO contents but at constant FeO content,

The chargs» in registivity as shown in figure 19. is very similar
to that of the previous caso, but as could be expected, the rise in liquidus
temperature is more pronounced,

Groups 1V Relationzhip between resictivity and total iron content with

and V. variation in Cal, MgC and'HiO? centents,

As shown in figures 20 and ?1; changee in resistivity are very
similar in the two groujps., An increase in the total iron from
10,7 to 19,7 por cent ( correspinding to 12,7 to 25,4 per cent FeQ ) rosults
in a marked deeroane of 4 to 49 9 in the resistivity of the slag.

The liquid . tewperature fecreaces with decreasing Ca0 and MgO
coritent, but the effect in nol wignificant,

Group Vi, Helationship between resiclivity and oxidation potential of the
elar,
. . _ . L 24 0 B

Figuire 22 indicates the cffect of the Fe /Pe ratio on the

resiastivity at 100, 500 and bUOC ahove the liquidus temperature
of the nlag. A will be obviousy the change in Fe?' content from 40 to

about 9o per cent has very limited effect on the resistivity at temperaturee

30° above liquidus/...



L

o :
30°C above liquidus or higher. On the other hand, the effect of Lhe
oxidation potential becomes slipghtly more wignificant wien slags are testedl
at corstant temperature, Fven in his case the change in recistivity becomce

ne@icivlic with divalent iron contents above (U per cent,

Pertainirg to the cffeect of Y“(:?‘/I"OBq ratio on the e¢lectrical con =
ductivity Fngell and Vygon (3) have carried out detailed investigation on
the system Caﬁ-?uO-FC?Uj-?iU, using a fixed (LU/HiO, ratio of 0,79 and total
iron content varying from Ny 0,054 to 0,44, With the condition B_nc O/n
0,79 the oxidation state of tiu ulag us characterised by the relative amount

of trivalent iron content x = ny 5,/( npp?*) within the range of the

chosen glag conposition dnpendb onlj o;(thc partial pressure of oxygen. At

other values of b the relationships become mo.. complicated, (see for example
lLarson H, = Chipman J.: Tranc Met, Soc, Ale, 197, 199%, 1089). The electrical
conductivity tects were performed at 1600 C and the l"e.)"/FeQ+ ratio wag varied
by the adjusti ut of the gas prasc above the melt, between 0,25 and 0,77. The

conductivity could be expressed by the following equetion
K = Ko - 8%+ bx(1 - x) 10./

where X = n}"c3'/(nb‘e5" 4 “Fe?*)

and K o a and b were given in ohm -1 cm-l. For Nl = 0,55, that is the

range of the iron conteut of the model furnace slags (average iron content).
beilween 40 and 90 per cent be9° they fourid a much greater change in resistivity
than was evident in thic study, The change in res istivity with the change of
the Fez‘/Fni'

higher the irou content became. With the increase of the trivalent-divalent

ratio was found by kngell and Vygen to be more pronounced the

iron ratio the conductivity increascd and reached a flat maximur,; then it
decreascd again, A similar trend was evident with the el trical conductivity
of glasges containing phouphorus and iron with ratios of Fo /Ie 2+ varying
between 0,5 and 0,8, In the comporti tion range of slags investigated for the
effcet of the oxidation ntute upon the electirieal conductivity, the iron oxide
cortent in the aresent ctudy corrraponded to NFeO n 0,207 = NFe w 0,192, It
i interesting to note that the sharym in resistivity at this iron corivent,
ar referred to the aboolute value of W, wag similar to that obtained by
Fngell and Vyoen for thedir cystem at NFQ = 0,003,

In cqu, 10, the term gy =aX represents fonic conduction and its
variation with the oxidation rtate of the slayr, while the quacratic term,
bx(1 - X, vapresents slectronie conduction thic being attributable to charge
transfer betweon an’ and Vn". Thue in slags containing divalen iron{ferrous

oxide), there fa alwayn clectronic conduction preseut the extent of which will

depend on the/...
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denend on the divalent iron coutent, With NF = 0,05% the abszoulte value of k.,
‘e
as noted abave wag similar to that of the present siaty at Nr = 0,192, lor
\ e
the low iron content the valucs of the constants a anud b of equation 10, were

: -]
given 4 a:0,25% and ba 8Bx10 with Ky = 0,57+ "Thic wculd indicate that at

the quoted iron content of trn: slay (i.c. N - O,()Cj) ire ionic conduction

Fe
was predomirat in the system under study and the influence, exerted upon it

2
by the increase of the Fe®' content from 40 to 90 per cent was negligible.

Pertaining to the influence of the partial prensure of oxygen upon
the electrical conductivity Kussian investigators have found that in
quaternary CaO-Alzoj-SiO?-chOy melts an appreciable change of v with the
change of oxygen partial pressure occured when the iron content .ceec:d 10
per cent, Until this concentration was re.ched the conductivity of the melts

appcared to be practically oniy of lonie type. (4)

The behaviouar of plant slags, The resistivily versus temperature relationsrips

for the plant slage arc shown ir figures 14.

and 15, An will be obvious from the graphs
the trend ic virtually the same for all slags with a narrow range of resi-
stivity between the extreme values that varies from G,”5 to 0,40 orm.cm.
dependirg on the temperature, In considering the limited variations in their

comprsition this is urderstandatle,

Figure 23, irdiates the resistivity raage of the plant slags (shaded
area) in that of the composite slags. The lotten line at the bottom represents
axtreme slag composition, (Sag tio=1%), As shown by the graph tro resistivity
range of the plant slags is in the upper araa of the range of the composite
slags wrichk is in accord with the differances in composition of the two slag
&roups,

Figure /4. shews n comparicon betwern a plant l ag(No-7; and a come
posite slag (lo=1) of very pimiar comporition in regard to the change of
resigtivity with temporature. e agrceement between the measured resistivitics
is good an? the minior difforerera could partly be attributable to experimental
error, However, tho difference in liquidus terperatures is noteworthy, a fact,
that might ponsibly be explained on the bauie of the different oxication poe

tential of the two slagde

Cn keepive the concentrotion of the other components by and large the
game and inereasing the silica conteont in the composite slag, that is decreasing
the bacicity vatio, incrcasen the resistivity (see figurec 17 and i8), In plant-

plag compesite nlag/.e.
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Resistivity,

Figure 1i=26 }

FFFECT O ToE TOTAL 1R0ON CONTEND ON Tk RESISTIVITY OF THE TLAS

Plant slag = componite slag relutionship, FeQ contunt increasd
in cumposite slag,

1 Compousite stay No-12
2 Piant slag No-%
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1
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plag compoite nlapy rel: Li()n{.h]l, this i depicted in fiure :)5 wiith rom-

posite slag No=4 and plont slags lo-% and No-7,

The inerease of e total iron content, an 1% wan found with the

componite elag conniderntly deercascs theresiotivity, The same could Le
establ ished in pl?l!kt :'-1&1;{ (I'O-‘y,\'{n;tx (‘,(\u‘pog;it(j- Z‘\l:’lt{ 1'1“0_'_] ,',) 1'elatin‘m::hip as

\
auown In fig., 20,

Generally, ro distinet relatiorship could bte found between resivivity
ard othe - varintlen for the plant slaps.  This was wadoubledly due to the
narrow conpouition rang aud alao to the randowm patters of the chanre of the
slag composition, One fmportar® fact that emergen in thic context is the
reduced sigmificance of the chio oo in roth total iron ard MgQ conterte, which,
on the basir of the finding for componite slags, would Le of rather important
conrequence.,  Ag compared with the conposite slags it should be rioted that
the charge in tue Vel coaternt in the range of 15,7 to 21,2 prr cent, accordirnz
to figures 14 andé 15 woald result in a change of only 0,5 ohm.cm in a total

of about 4,6 ohm correaponding roughly to 1l per .ant,

2.8,/ Vigroufty,

Modr »f glag preparation. Tae mode of re-treatment of the slag-forming

consoituents and the preparation of slags was
fdentical with that degerited for the con -

ductivity tects with the comporition range of ihe slags bteing also the same,

Frquigmert, a.  Viveomelrn, L commercinlly availatle viscometer of the
conrcentric cylinier type using a rotating inner
cylinder v the Arookficld which was seiected for

uee for visconity mearuret mto, hite equipment gives reasonably prozise

results for vinsonity much more rap’ 'ly than any other peasuring device, In
priveiple a platinum apindle foras the {ianer cylinder rotating in the molten
glag and Lthe whoar foree or vircour dray exerted by thie slag caases the Inner
eylinder to law benind the main Avive shaft ard the coupling to which the
unindle tu pttached, Tn equilibrizn the restoring force fronm the epring
equals the foree produced by the vircous drag on the inner cylinder,

A pointer alt i hed to Lhe npeirg fives an indiration of the magniiude of the

(i - fapren atoorkee by the spring and thio can ae read from Lhe position of

Al ’

tre poiater agsaingt o readnated oodT e

The inner eylinder/e..
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™e irner cylinder attached to the spindle of the vicconeter war cone-
structed of platinum being 9 mn dength by 16 m diameter and wall thickness
1,3 mme P.rt of the shaft exp gsod Lo the high temperature was nade also of

platinum and the remalnder of inconel ulloy.

The outcr cylinder wis a platinum crucible of identical dimensions as
that doseribed carlier for use in tle conductivity tents, Gimilarly, it was
sunported by a cast alwnina or fircbrick bare seatod on the top of a mullite

tube which could be raisced or lowered into thice Lot zone of the furnace,

b,/ Murnuce, The furnace and avcillary equipment used for the viegcosity

teals was the same ac that applied in the measuremsnt of

elcetrical conductivitien,

Calidbration of viccomcter, Pecause of the narrvow range of slag comosition

the calibration was performed at a constant speed
of 12 rpmr of the viscometer gshaft ucing the following calibration oils
§ - 600 Type and & = €0 Type AUTM oil gtancards (Carmon Instrument Co, Usa e
The calibration was carried out at various tcmperatuares in a thermostatic -
controlled water tath uuving a brasg crucitle of identicel dimensions to that
of the platinum crucible of the higii temperature tests, Details of the
calibration are given in Tuble 11-6 and the corresponding chert is shown in

figure 27,

Modr of megurenent. Considerable bur'ling was experienced with gome ol the

nlags Juring the melting=-down period., The evclntion
of vabbles occurred irr cpective of the comp sition of tl.c gas atmosphere
abov: tne melt generally 1 prenented by a flow of 2% to 30 cc/min hydrogen
and 1200 to 1900 cc/min ritrogen of apectropraphic puritye The bubbdbling
phenonenon, to which further reference will be made later, did not permit
readings to be taken in both the heating and cooling cycles of the individual
tente, For sake of und formity of the oprration all clags were heated to a
maximum temperature (about 120°¢ above liquidus) and the viccosity values
were recorded only while the alap was cooling, Iuring the cooling cycle the

formation of bubtblen appearcd Lo be far lesa prouounced or even have ceased,

The rveprodacibility of the meanurepents was engured by positicning
the top of the spindle in all tects 1O mm below the surface of the molten slag
in the platinus crucibles ALl vireonity tests were cavried out at 12 rpm of

the spindle which gve WIN readings sufficiently high 2ven at the low

visconitics/e s
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Table 11-7‘ Vi{'»COf"iLi':.‘S Of’ :’Lynu‘:(fi,ic :‘).l.'ll"t‘..

P

Slag number Vigcostty, (poiae )
14067 1450°¢C
1 5,700 2,70
2 2470 1,90
3 2,50 1,79
¢ 4,0 3,00
5 2,% 1,40
6 3,89 2,50
1 24950 1,50
2,00 1,40
4,30 5,00
10 2420 1,80
11 4,00 3,70
12 1,75 1,45
13 2,15 1,75
14 3,50 2,55
Table 11-8. Viscosities of plant rlags.
Slag rumber Viscooity, (poise) Date of
1400°¢C 1450°¢ sauple
1 5447 2,90 Oct. 1972
? 3,52 3,02 Nov. 1972
5 3057 D) 4/12/12
A 5,70 2457 5/12/12
5 5955 2,09 1/12/12
6 3,48 3,10 9/12/1°
1 54079 ) 12/12/72
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Figure 11-24, VISFOLLTY = TEMPERATHRE RULATION MNP,
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Frgure 11-29, VISCOLITY = TEMPERATUGL WLLATIONSHIP
19800
Stay numhery 4, L,
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'99[9’1 Figure 11=30, ViSCOSITY - TEMPERAT ¢ KCLATIONGHIE,
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VISCOSHTY = TEMCERATURE RELATIONSHIP,
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Fi gire Plesr, VISCOLITY = TEMPERARURE fo LATIONSHIP,

Slag numners Y, 10, 11, 17,

10
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0.2 4

0,1 (] i S S 1 : L
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Figure 11 - 33, VISLOSIEY « TEMCERATU K CATIONSHLP,
Stag numbers 47, 14,
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Figure 1194, VESCO .1 IY = TEMPERATU . RELATION MIP
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viscouiting ascocinted with the relztively cmall clonges (1,5 to 10 poise)

in viscosity cencuing from the limiled changus of slayr compoasi Lion invectipated,

Recul b and diceviaion.

The results given for viscority valuer obtained at ]AUOOC and 145000 are
coupilcd in Tahle 11=7. Figurce 28 to £4 chow chooyre o in visconity in poirve
vorsus teaporsture and 102 of viccosity versus reciprocal of temperaturz,.

The rclation for plard clape of composition jdentical with these used in thr
conductivity tests are plotted in figure 54, the relevant data being compiled
in Table 11-8, For sake of casier comparison tte discussion of the results
of {he viscosity tcuts will follow the same patiern with slag groupings

identica) with those given in the desceripticn of the conductivity studich,

a./ Reaulte obtr ined with oy the ,‘:ll_g._.?_].i‘.‘.’f’_'.

For the sake of cervenience the viecosity values are given at fixeAd
temperatures (140000 ard titvoi) instead of at specified *cemperatures, £ay
50%r 100°C above tre liquilus,

Group 1. iolation bé ‘ween viccoritly and basicity ratio at constent MgO and

FeQ and varying Suf and iiiO? contents,

Figure 7%, indicates tiat the viccosity decreases with the incrcace
in the Ca’ content a~d in th- tacicity ratic. The decrease is significant up
to atout 1{ per cert €10 correapcr.ding with an approximate 30 per cent char.g2
in viscority, but with CaO contents between 16 and 19 per cent Ca0 it levels
out ari drops to a low change of 5 p.r e~nt, an refcrred to the starting
vigcosity., The liauidus tomperature determinations bacsed on viscosity

meanuremente ghow the same chanyr ag that 0 ‘tained from conductivity tests,

Group 11, Belntionchip tetwer o nd baricity ratio with constant
CaC and oo but A MeO in the slogs
Thii relationchip Cown in Tiuare 36, As with the resistivities,

the effect of the chang in FeO content on the viscosities is more pronounced
than thet of Cah,  lnoreacing b MpO content from 1% o 19 per cent will de-
crence b viszonity ty atout 40 per cent nt I4()00’J and by more than 53 per

cent et ldguuc. Fotl, viccoodty and conduetivity meavurements indicate a rise

in the licaidus temperatur of the clagm.

Group I11. Kolationship between viceosity and bagicily ratio with inereacing

G0 and MO contents tut at conttant e content,

Thin group with the simulianeous and proportionite chianges in the

Can and MeO cortents might indieate what could be ecxpreted if either the lime

or L) additions were replaced by o dolomite additicn to the electric furmace,

he will be otvious/...
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As will be cuvious Crom graph 37., Ui change in vicecosity in very similar
to that of the previwus grroup o but the rise in liquidus temperature i much

more pronounced,

Groups 1V .
Zoo felationohip betweon viccounity and total iron content with

variations in Ca0, MpeQ and G, contents,
‘

According to raphe 38 and 49 the chongoee in viscogitly arce very
gimilar in the two groups, loverthelors, by comparizon with the previous
three groups it wonld appoar that the variation in the FeO content has an
even more simificant impuet on the vicconity and aleo on the clectrical
resiastivity of ‘he slag the: either the a0 or MO compore nite  An increase
of the total iron content from 10,77 to 19,7 per cont (corrcupurding with
13,7 = 75,4 per cent Pe0) will bring aboutl a very subotantinl decrease of
the viscosity (approximately L5 per cent) at a tomperature of IAOUOC.

The liquidus temperature as determined by the corductivity tests
ig lowered slicntly while on the basis of viscouity measuremonts it remaing

virtuslly conutant throughout the conponition rangc.

Furthe r to the illustration of the behuaviour of slags in the
variour groups the data points procepted in figures 35 - 39 have been re -
plottel in a quasi-ternary Fo*-(ﬂdmﬁﬁp')-Jihz phrare diagram as shown in
figure AC and 41, for virccoritiee and clectrieal conductivities. The graphs
incorporate alto the rolevant liquidus temperature values bascd on conductivity
measurcements.  humbers on toe 1oft of the data points represcnt conditions
6t conrtant MpG with varying Ca® contents, while those on the right of the
ploto indicate the opporite condition, These graphs clearly show the trend
of chiarpge in viscority and corductivity with ¢lag composjtion, With Ca0 and
MO cortertr incrcasing from 14 to 19 per cent the viscority decreases while
the conductivity tollows the opporite trend, with increacing FeO contents
the vincosity apain deereaces followed by & aflight deercase in liquidus tenm-
perature which, latery, up to 't per cont, vemaing unchangeds  In the previous
cage it har ricen from lle”H 10 1§HUOU. The renalts of the conductivity
tegls show an approximate 19 por cont inereace in the valuce when the FeO
cortent increascd from o6 ta 45 per coente The liquidug temperature on the

.0 .0
other hand wag lowered from 1507 to | AT
- 1

Group Vi1, Helation betwern visecosity and oxidation potential of slag,

Lroup Yo \ } &
The effeet of the oxidation potentinl of the slag corresponds
rearonably well with ita effect apon the resistivity. IMrom

figmre 42 the vivconitly increases ornly to a very limited degree with the

chanpe of Lhe/...
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Fiqure 11-45, CCMPARISGY  BLTWEIN  Tie VISC0SITY  RANOE OF

PLANT  SLAGH  AND Sy T1C LLAYG
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change of thie divalent dron conbent (from 90 to atout YO per ecnt) while in

e A . R . - . ] X R :1 ’
case of clectrical conductivity thir chanpe in o'/l ratfo had viriually
')_

{focet ever, o larther e ] ot v
no offect, However, o farther docroane jo the e’ enptent bring: abost o

T S R , 0 ¢ .
noticeable dnereas: i vivconity both at 14000 and 1430)0 ir, eccord with tho

decrease of the povlotivity a0 14 war show

i Tigry 75 'The liquidus tem «
: ‘ e cEges : vyttt . ' i 0‘ r Y
perature taced on conductivity meowremernts dropped fron 138570 to 1555 °C

with the decrease of the oxidation state of the slap .6, increase of the

2y
N . \ Tyeryen . . . . : . .
e content frox o to 7 of the total dron oxide presents  Anolnerceace

¥
’

of the I'v ' atove St braowent atout o very slipght charpe in liouidus tem -
perature which io provadtiy withieo the limit of exporimental error.  'the

decrease of LeT. with the Jecreane of the exidation potential of the clag
ig in accord with phas diagran conciderations pertinent to the quatcrnary

«y, s )

reo-kepﬁj-Fﬂﬁ-diJP ayricme (95)

b,/ The teinviour of plart ol

et o

Phe viscority-temporature relationchip for seven plarnt slags is
ghown ir figure 34, “he trend fo rather similar to that of the clectrical
resistivities with a somewhatl prenter seatter in the cenductivity values,
Thig is duc mainly to the previcusly nobted boiling phenomenron which in the
cance of plant glags beoame nore pronounccd, Orly after exterded periods of
coreful cguilitration was it possitle to measure ne corductivity and
vigeosity valuen, Figare 43, {1lustrites tne viscosity range of the plant
slags (chaied arca) as comparcd with the syrthetic slags, 1t is well within

the rarge of the two extirome valur e of the latter,

A comparicon Letwecrn the viscoanitics of plant clag (dato:l?/l?/??)
ard cynthetic elag ho=1 of very wsimilan comporition is shown in figure 44,
Coneidering the difficulties of measurencnt with semi-quicccent slags the

epreons ot betwern the e nred values in reasgnably poods

With the synthetic olngs inereasine the silica centert while
keeping the other eomporemta relatively conctant (decreasing basicity ratio)
inereased the vivcosity readingy (oo fipee 49 and 36 for slag groups I
and 11).  The sare relationship i shown in figure 49 fer synthetic rlag
No=4 ard plart cluy drrted 4/1?//1. similarly, the vigcosity.decreasing
effect of the increane of the olag ol content in a plant slapg-synthetic

nlag relation in fllustreated dn figrure 4,

No relationchip could Lo cetablinhed between viscosity and
olher variables in the ecace of plant alags, mont probably beecause of the

NArrow connxu%itjnn/...
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narrow cemposition range, Likewige, oo indiceated carlier, there was no
relationship for vesistivities on account of the random pattern in change
of the slag componcnts. In this recpeet the limited significance of the
variitions in bolh total iron and Mg contents i particularly noteworthy.
Judged by their etfecet on synthetice slae the role of there two compound:
would Le expected to be more important in the plant nlags. Iater in the
diccussion of optimication tnin arpect will be dealt with in more detail,
Nurerically the change of eO content in the range of 15,7 to 21,2 per cent
(i.c. the range of Ped in p)lor U slags investigated) according to figures

38 and 39 woald te equivalent to a viscosity change of 7 poinc, that ic a
29 per cent change at 144000. in comparicon, the extreme vialues reprecented
by slage dated Nov, 1970 and 9 10/12 vhow a difference of only 0,1 poise
(sce fig, 34.) at the cane temporature,  Murther it ic roateworthy that the
naxicun difference in viscority values at 140000 in the case of plant slags
is not more thar 0,3 poisc from a total of 3,5 poise, that is lecs than 9%,

des pite the sizeallce variation in slag compouftion,

The fooming of slags, characterictic of the gynthetle but particularly
noticenble in plant elags, in o well=known ard Ly no mearns an isolated
phenoseron,  Althougst. there are conflicting reports in the literature, it is
generally agreed trat « hiph cilica content or basicity less than 2 is
favoural'le to foamirg, the Eiu/ acting 2 a statilicer in foam formation.

The ¢ffeet of FeC §n in iln ability tojnercace the oxidising power of the

slag recsulting in a greater gan evolution, Thus its role is probably more

in influrncing the volune of ¢an and the rate at which it is produced, ( 6 ).
Charges containing chromium appoar particularly truoblesome in causing foaming
which ray be due to increaned viscosity. 4as the furdamental investigations

of Cooprr and Kitchener indieated (1) the foam 1ife increascd greatly with
{nereane of bulk vircosity whether this was brought about by fall of tem =

perature or by decreace in the Ca0/0i0, ) ratio,
¢

Comparizon of rernlte with earlicr work,

Visconity tents carricd out by V.b, lonfil (8) were conducted on
fully oxidined slrys having a mach wider compoaition range than those
diseunged in the precent work, However, two of the slapse agree fairly well
in componition and the remiltn obtained with thene nlags may be uned for
the purpose of comparing the two peparate methoda used fu the investigation,

The comparison is shown in Table 11-9,

Table 11 "()//o v




ST _ o, 0
/\b bh()WY. in tne ’1‘111\1(‘. at E\O ¢ obove ]iqllil“lfi "'J,‘mp',‘l'd'ul"" j.e. at

1 ' §) N . AP I 3 v L ’ 3 " +
& point whoere the rate of chance in viscosity with change of temperature 16

becoming lees siymificmnt, the difference v ovizeouilies is 22 por zent ard
24 per cont respoctively, At 50C above Tigquidus temporaturs in Case &ono
reasonuble values could be moasured in tne present fovestigation, while in
Case B the diffecrencs is azain 00 per cent, At ]OUOU above liquidun tem -
perature in Case A\ the diffurcnee is 2 per cent while in Case B, probably
due to sowe oxidation effectr, only 11 per cent was found. AYthoarh the
cunter of slame i very limited to draw a peneral conclusion from the valuces
given in the table, the indicatior ir that a probable average difference of
22 to 2?7 pes cent might exist hetween the vincositinn determined hy the iwo
soparate rcothods, the hijgter value veing represented ty the fully oxidised
slag samples, Indfei. reverting rack to figurc 42, it would apprar that the
decrease of the Fe”’ contunt of the slag from 90 per cent to about 18 per crns
would be equivalent to an increare in viscority from 2,75 poise to 3,20 poice
at 1400°C, f.0. 17 por cont, and from 1,79 poise to 2,75 poisc at 1450°C ,
i.e. 31 per cent,

Ag to the grneral trend of the effect of the various slsg con -
gtituents upon the viscositier the finding:;outlired by V.P, bonfil scem to
be in full accord with the present investimtion irrespective of the
differesces in the oxidatior potentials of tue plags investigated.
Summaricung briefly:

a.,/ Increase of both Ca0 and MeO contents decrcares the viscosity
ard increnses the lifguidus temperature, the latter being more
noticcable with the increass of the MgD con'ent,

b./ rdditionc of weO markedly lower the viscoeity but up to 26 %

Fel; content of the clag affe asligbtly the liguicdus tem-
perature which tends to be 1. further an the FeQ content is

rained to u maximum of 23 per coent §n t. vregent range of sliag
_ompoaitione,

c./ A gimultancons fnereans of the Ca) and Yoo costonts feom ?8 to
37 por cont, Lee. the condi tion of using dolomite ac fiux, de-
ereanen Lhe vicconity but bringa atout a YOOC rise in the
liquidun temperature, that in the refractory character of the

plag will be dncreascd,

CompggtggLﬂjth datn fourd ﬁLﬁh“ liternture,

e s« e e = o S

A dircet compariror of the results with literature data is made difficult
by the fﬂ(“t//lo .
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by the faet that work on the complex quinuary l"rx(i-()eO-Mgl)-(Ji(),{f—AlQO3 rysiem

ig rather scarce and cven that availatle relat s mostly to reverheratory
furnace slags of considerab)ly different composition from the elage of the

reference furnacen,

Higgine and Jonces (9, 10) carricd out comprehensive investigations
on tne viscositice of ihodesian copper vmelting slags invelving the above
five components, In spite of the great difference in composition range
their findirss ace relevast to the presert gtudy. Thus they noted that

the addition of Iyt un» to 16 per ecent causcs o continuous reduction in
viscouity and also, tae addition of ferrous oxide decreases viscosity
markedly throuchout the whole tempirature range of investigation, Further=
more, the reptacement of Cal Ly Mg0 at firct reduces the viscosity and lowers
the liquidus, bul with increasing replacement both viscosity and liquidne
temperature are increased, FPertaining to the offcct of ferric oxide it was
found that, in accord with the present study, the inerease of this compounc
increased the viscosity.

The work of P Bills (11) on the same quinnary system is particularly
interesting with regard to the effect of the }Fed which was added up to atout
27 per cent by weight to the clags. A regular decrease in viscosity of slags
containing up to about 19 per cent ferrous oxide was found and up to approx.
8 per cent FeO conten! the ferrous oxide could replace magneria on a molar
basis without affecting the viscous properties ind .cating that no structural
chargues of tho slag were involvods At higher ferrous oxide contents the
effect of the addition of more FeQ appeared to be no longer equivalent to
the add;tion of Mg, Tha log. viscosity values (poise) given for slags con-
tainirg 6,5=1,1 por cent MO, 6y9H=T,0 per cent A1205, 16,8-18,2 per cent
Caldy 42,5-47,0 5i0,, and Dy H=0, 8 FeQ were reported o8 follows: at 1400°C
0,018 « 0,799; At 1A90°u 0,9 - 0,481, that is considerably higher than
those obtained in the presont ctudy.

lechanov ano sushkov (]f) studied the vincosities and elcctrical
conductivitics of slapn rov Caended for the clectric smelting of copper
concentraten, However, the concentration range of their slags was very
diffeorent from that of the olag inventigated in the preaent study, with
nuch highor e (#9 to 44 per cent) and lower Ca0 (? to 10 per ccnt) contento.
The Simy varicd boetween 40 Lo 50 per centy the alumina content around 10 per
cont and no N wan used anoa rlas component, As wag expected, and in
agrecment with thin study, the roeplacement of 10 by Ca0 inercased the
vicconity and decreancd the eleetrical conductivity, The viscosity values

given by these anthors were very high, 100 to 90 poine, as were the con -

‘ ) ) -1 -1
ductivition, reaching 0,74 ohm ~,oem valurst,  The most suitable vlag

composiition for Lhe/. ‘e

e A




compocition for the cleelrical smelting of copper concentrate was found to

. - v - b, Al ) ) . N
be: 510, 40 1o L0, “lﬂoj 1o, ¥eO 20,10 49, Cuy 4 1o € percent, the
alumira content around 10 per cent, rather hard to cnvisage for cffective usage

in the rcfercnce turnaces,

Wnile the direct comparicon with data publiched in the literature is
somewhat doubtful on a numerienl or absolute value basis, the trend imparted
by the effect of the variovs olag constitucents upon viscoesity or electrical
conductivity can te Judped witcufficient clarity, Thie is the more important
point airce the mugnitude of numeriecal values is often the matter of the ex-
perinental technique employea by the various invectigators and in no case

could it be reopariled as abrolute,

2.5, Yrnergy of activation,

In the ascesument of physico-ehem’cal behaviour of slags the knowledge
of the encryy of activation might be of some jmportance, In electrical
conduction it refers to one mole of conducting entity. According to Bockris
et ai.(13) a cation M can be regarded as exioting in an"encrgy well" in
the interatices of the silicate structure of the slag, the height of the

energy well Yeing *,  The protability of tiwe cation escaping from the energy
well is proportion:l to pxp(—H"/nT) and I, will be reduced by the application
of an applied potential, iyring assumes a lattice-like liquid structure such
that each molecule is encaged by its neighbours, Thus the fundamental rate
process of molccular transport is that of movement of an atom to a vacant
neighbouring uite. ‘The intermediate activated s*ate of energy maximum or

high point is reprsusented by i while the frequency of Jjumps is described by
the probability term A.  In any case in a general form the specific con -

ductivity is #iven Ly

L S

R A VY
r. AO K/ 11 o/

where A iu the froquency factor and Ko the energy of activation. 'A' contairns

algo jon mobility and conerntration terms. “Taking logarithms equ. 11 becomes

-1

In K = -ir‘ conste 129/

apgumi e here that A is constant and almost independont of temperature for

a siven reaction, ilquation 11./ empirically deduced for electric conduction
by Racch and Hinrichoen (14) ie appropriately called the Kasch-Hinrichsen
Law sinee it i often confused with the Arrvhenius relationship,

The flow of liquid/...




Table 11-30

mergies of activatior and temperature cocfficicnts of viscous flow

and electrieal corductivity

Slag knergy of actlivation Temperature coefficient
Number keal /mole
Viscosity  Conductlivity Vircosity Conductivity
1 3145 2444 6,45 3497
2 45,6 20,5 9,00 2,67
3 34,1 16,1 54256 2,40
4 4244 2942 6,10 4,78
5 S U 10,80 2,60
6 42,1 24,6 8,45 1,17
T 9249 17,1 9,41 1,79
8 45,6 22,8 5,92 3,97
9 48,0 32,6 8,57 4,74
10 79,4 16,6 4,44 2,34
11 31,72 58,0 2,19 4,57
1c 16,3 13,0 4,55 2434
13 39,6 14,7 8,50 3+C9
14 31,7 20,8 5425 3434
1% n.d. 10,0 - 1,17

Plant alags

Date
of

Sample

Oct. 1972 20,7 29,6 4,53

Nov. 197~ 15,7 4245 2,20
4/12/72 AN 30,7 4,%
5/12/12 28,0 29,1 5,08
1/12/12 16,6 31,0 4430
9/12/72 7995 39,4 2456

10/12/1° 74,0 LI 4,061




The flow of liquid iz o rate provess and the expression formulated
for its activation encrpy ic analogous to that used in conncetiorn with ree
action raten. 'Tne counterpurt of the activation energy of a chemical re -
actior iz the cnorsy maximas «ncounterod by a molecule ag it is forced past
its nearest neichlours, 10 this activaion caerrey is deroted bMﬁEyz (may
also be termed o the heipght of enery varrier for viscous flow), then the
fraction of the molecules having enerpy in excosn of this amount and being

thereiore gbath of mwovingr past the surrounding molecules in given by a

Aol tzimann=-type of expression W /P'P
W) 93¢
or Inyp -+ In B+ A iy /NK? 13./

! » the ¢ foreusn T has actually £ 8 e of e
Hence the plot o lx;lb71v veus 1/T has actually the siope o 7303 Tk
Obvinu;z];," tre lower 10y, or E"l , Lhe cagicr the electirical conduction
or viscous flow will coie about, With the use of the log. K or log 7
plots against 1/7 the valuen of K, or K " can be calculated. Thus at two

different temperatures T, and ¥

1 ‘2
¥ . 1
""];' L C)(p “ ( 1}1 - T ) 14./
Ko 2 1
Yooy =K :
r ¢ 430 .
poo ples (e 1) x 2,503 15./
-%~ - —%—) x 1674
? 1
and with the incorporation of the ccll constant
G G . Al M}
4w - o = K exp(=E, /KT) 16./

E ¥
So exp 5T

Relevant values of activation enerpies calculated from these expressions
are compiled in Table 11-10, which contains also the temperature coefficients
of viscosity and rprcific electrical resintivity in the temperature interval
1390 to 14yn°m cxpresacd by the following equations:
]
1]1 -,

I('»} = - 17./

("‘ = rl‘z) ”l

avgy
¢ - €,

ne - ! Al
(11 Pk‘)gnvn

vhere ” and ? i reprecent the average viscosities and aspecific
v

ave

electrical reaistivities/...
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loctrical vovivctivitios §n L ;
cl L rbivibler A L quot Lempe e b pange,  The viscosity

versws activalion encrey anh clecbricsl resictivity ve, activation energy
relationchips o shiown Sa Coures A7 ‘ , . o)
L i 10w Pobaemrtes A0 and AR, {etrictly for 120070 8 )
Aecordirn. Lo the cata of Tarde 1110 the cneryry of activation
calendated from conductiviv, mwownirone ot decro oo with inereasing €y,
‘) I add
o b . Poov i ber i Lo cogn, <oe0 ] v -,-"/. 2t : ) AN :
Mg and o0 cortonte amd deerearigy e e ration, i value of ko in

the componition rare of the vlags in between 10 and 38 keal/wole.,

The recal's based on virconity moarurcnentn thow cortain dis -
erepancics and oinothe oftvor of enavec s in esmposition the trends of the
activation ene vy romain wncertain,  Spart frem slapr No=12 with higher el
and My content e rang ol the cnerry of activoation of viscous flow 1o
betwoen 30 and Yo kel moire . Bills {11) quoted an average figare of 45

keal/mole for clagm of sinilar type,

Since the eronge of the visconity and corduviivity curves with tem=
perature can be recoarded oo arrymptotic to the x-axis (temperature axis),
the valur of the rrerey of activation will depend to a certain extent on
whether the low:r referenes Lemperprature for the y = ax ¢ b relationship
wap chocen, cloo to the Tigquinus tomperature, or far above. In other

N

Clferont precalt would aroce it the range were chosen {rom say

FoR

worde, o d
\{01 3N v(’)" I‘“' vt “r’ . 3 .3 3 + - 9

13657C to 1AL 2 or I4L © te (L v B vicconitien appear to be more

emperatiare ronottive Lhoe conuebtivitien, this difference will report in
i ’

the ¢rervgy of astivation valwn o A might lead to anomalous data,

Pher tesprrature cooflieiont of viscogities ard electrical con -
ductivitios io fmportant in judgring the behaviour of any given clag upon

the chargse of Lomprratare,  Fromnoa practical point of view 1t would be

advant oo one Lo b sl with tenpesature co-fficionts as low as poscible.

ale an eanicor removil of thr slag from the furnace and

p)

Thie wold
alon bave Yero effest on the rleetrical operatang parrameLors of the

would

furtaee 50 subctantinl varintions in Lomporature were to be cxpected,

and synthetic slago poriaining to

206, Comparicon Vetwoon plant s

Lhe ¢ 1'17,..-1“;”' chargn o sy <:u:::}m::it.ion upuh vineosity and

corductivitye

rlectrien

From the point of viow ol practieal appliention it i=n iportant to sce

pecut te obtained From Laborantory investigations on the offect

how {ar the

of slag composition/...
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Figure 1=49 VALATION OF Y1670 1Y AN THECTRICA COMreTIvITY WITH
THE CHANOE OF (OO TION 1N YLANT GEALY,

o
Tewmperatures 1400 C

yi ®

Ca0, 40 Viscosity
per cont pni se Clcetrical
conduction
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of slagr composition on visconity and conductivity can bte comparcd with the
relationship of the same pararcters in plant clapge, The wedn difficalty

encountered with thio kind of comparison arices

——

‘rom the difference in the

~e

range of the various constitucnts of the two typrs of oluaps, in othor words,
in the uolection of the approprinte constituints as a reforenee point for

the comparivon,  MThis ic illustrated in Table [1-11 in which the rynthetic
glags are repreconted by proups 11, IV and V., The table chows the porcentagn
variatior of the constituonts in the soven plont clage investigated ard the

.

range of viccocitics and electrical conduectiviticn, (l:utt row in the tﬁzble.)

.

The variation of thene parameters in the same range of comporition of the

synthetic slarme for vavious reference constitucnty

L2

ithir each group upon
which the comparison between the two types of slag is based are given in

columng 7 and 8 of the table,

It is obvious from the data that the vajuen of X and n will largely
depond on which conctitucnt in the clagr ia taken as the roterence for com-
parison, ‘whereis in synthetic nlayre the relation of the prrecentage of
compor.ents to enchother within cach group 1u a result of careful pre-sclection
and along d finite trende, in plant clars the sare components exhibit a
completely rar-om variation and follow no set patirrmn, ¥or the further
{llustration of this acpeat Cigmre 4%, wan constructed from analysi: data
of the plant alags, Tne mode of indicating slag composition on the x and
y axes was not intended to conotruc that CaC®, MpO and HiO? arc by a.ny means
functions of tihn Weis content, lather, it was meant to chow clearly the
random pattern in which the constiturnts vary in plant slags as oppoced to
thouse in synthetic olama,  In thie context the indication according to the
figure is thnt the offret of the chanee of constituents {when taken se =
parately ) upon vinconity and conductivity does not follow the trend that
could be expoeted Crom latoratory testse.  In fact it does not follow any

trend apiert from Cluctuating within a cortain upper and lower limit.
} ¢

From the comparicon it becomen ovident that, as mentioned already,
great caution wiil nave to be exereined in projecting the results of
laboratory inventigations with reeard to the eftfect of the various slag -
forming conntituornts onto their porcsible effeet in actual working vlags,
From the dats chown the largee variation in copdnetivity and viscosity with
the change of slagp comporition are considorably reduced in plant slags of
gimilar comporitions due Lo the previously noted random variation of the

anlap-formite conutituenti, Thin fact has aleo an fmportant bearing in

agnceasine the effect of nlag compoition upor. tne clectrical characteristices
of the furnace, 1t would indicente that the response of cnrrent and power

input rates/...



input rates and clectrode movements following changer in glag composition
might be far lees pronounced than could be predicted on the basis of

laboratory measurcments on viscosities and comductivities,

However, Lhe importance and usefulness of latoratory data becomes
apparent when the question, say, of whether to increase or decrcase one or
more of the sl constituents witl have to be anowered,  That iz in cace of
congiderites the ainv in flux corposition, the quantity of flux charged,
the amount of converter alag returned, cte. The alteration of any of these
variabtles might introduee a sodden change into the slayr componition and
throupt: that into the operating characteristics ot the furnace, 1y doing
g0 the cven, day-to-day operation will be disturbted but the recponse of the
unit might become proedictabie from tne determined physcical characteristics

of the produced slage,

Referency o,

1./ Rietling o etomel 1.Ces Dipping electrode clectrical conduclance
O - ‘
instrment for use at 17007°C, Kev, Uei. lnste. 34,
4, 19vY, 4:H=408
?./ Atiwood ¢ et Blectric and Mymetle Ficlds, Wiley, N.Y. 1949, pp 88
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1. Forpulaticon of cxprovsions for farnnes resistance and eell corictant,

From » furrace dovign point of view it is dmportant to deternine the
voltago~current relations that Jnfinenec clectrede sive and apacing, 2o well
ag furmac  dincncionr, 1w order ‘o dctermine these paraw ters, firct the
resistanes of the furnace will by to be evalusted,  In thiz context the
resistivity of the slas will be reparded as prinarily ohmie in charecter in

which caue

Rsl P k 1./

here Rsl ic the slag resistance ohm, Q” the vlay resistivity in ohm,cm

and k a constunt for the electrode gcometry irn cm-1 (callcd also cell con-
start, deroted by 3 ir the previous cxperimentd part), The values of the
specific resintiviily wore determined an precented in dectier 11, thus the
knowledge of the cell econ: tunt will enable the cstimation of furnace
resistance., oeveral attewpts have been maje to correlate resistivity with
verious parzmeteors of furnace geometry, one of there paramcters and probably
the most often uced one toing the cize of the electrode. The results of
invegtigationrs and sy ctions of rcgearchers pertinent to this aspect will

be delireated triefly in the following.

Back in the 192G'a indreae (1) introduced the electrode periphery
resistance soncept waich in its wide acceptance can be regarded as the basis

of all smubgeguent furna.e deaign connlderations. According to this concept

I -
k = TOb - R 2./

whore B = ele~trole to ground voltywe, T = current per electrode, Dn = dia-
petor of clectrode, That fo the sesistance between hearth and electrode
Limes the eleetrode circunterence jr constant and k depends upon the
chiaract 0 of the raw materiala and products of olectric furnace procoessing.
Later, an will be discussed in an other section of this study, Andreae
carricd further thin fdea aad equated the heat cenerated by current flow in
an elantrode with the heat conducted trom the cxpoced surfoce of the
electrode and cumbined this relationship with the concept of electrode
periphery resictance,

A simple formulation/...




A simple formulation of furnace resistance baged on the action of a
cylindrical electrode of length § and diamcter D

o1
Rp = = o 3./
wh/4

, wag giver by lLehwarz von
Bergkampf (2) as

Ugirng more or less the eame relationship but with particular application

to Thysland-tole furnacces Kjolacth (3) introduced an additional paramctcce
according to which

£ = k(H - p)
H being the distunce from the surface of the charge to the matte or metal
bath, p the depth of the imnercion of the electrode into the charre and

propased the following forirala Tor the evalnation of furnace recistance:

¢ De
Hf - TTp (1 - 5, ) W4
(1 - W)(“: -p)

In other words, the resictivity is invercely proportijonal t the depth of

electrode imrersion ac
k
D = - a.
R R ;73;’ 4 /

Rilsen (4) developed furtl.er Kidiseth's form.la or the basis of model tests

-0,7
from which it was found that Hf is proportioral to D 0479 , while the furnace
D
capacity defired as Pw = BErI iy then proportional to D;'79 ., In his firnal
expresn1on N i - \0,74
RD, Dyt OMT *—-—-E“’“—O 15 5./
(- - k)
b
e
All these wmodela aspums ligitle inter-electrode conduction, To account

for thio type of conduction bowning and Urtan (5) formulatcd an expressio.

which incorporates the caprcitane: effect tetween two electrical conductors
as wag proposed oripinally by Attwood and reforrced to already in connection
with the c«ll conctant {iee dection 11), 1In A'lwoo =o' original formulation
in cape of cqually charped parallel cylindrical infinite wires of radius ry
lengts 1, being distaneo g apart and chargnd opporite with Vl coulombs the

capacitance of cuch condencer in glven by

ol
. o ?] = - el — 6./
P 7 « g |2
S O L 2 -
é%% in f; W\ /( are In =0 ( 2r)

de constant of the medium, Pertaining 1o
in farads, where € 40 the dieleclric constan

the capacitance of /oo

i
1
i



- 39 =

the capacilance of the whole system a further point of irterest was the
capacitance in the region oo the clectrode tip:, Kj#lsnLh took congsiderable
paing to develon an exprencion for the capecitarce of what he considered hemi-

spherical clcetrode tips, approxinating it hy the formula for two equal

spheres
2
CZ ~ ?TTL*" 1 ‘;% + ( ’(I';‘ ) { eoe 70/

Assuming symmetrical ficld about a plane through the centre

C,.z/(’ = TTC]‘[I + ’[I:: t ( ’({;’ )2 + sse 80/

In this way the total capacitance of the sys' m is C - Cl + C2/2.
Equations 7.,/ and 8, respictively were alse corporated in the foruala

proposed by Downing and 'rtan, thus their finnl equation for furnace resistarnce

took the form r_ -
€ 1
‘{f = - 9’/
" r r 2
1 4 =4 ( ey ) + o0
2 [¥]
in i
b e -

assumirg uniforn conduction. For easicr recapitulation, the figure telow

gummaerises the symbols used in the previous expressions:

E-l
- AT T -~*K—--Slag-burﬁen ‘nterface
- > ‘
. r p
Y
? H
Po- o e .
h (%) ' '
- $ - a : : ~-~*¢~~!~~—-Slug-matte interface

More renently Perscon's investigations ((') lead to an expres.iocn

relating to an electrodo-to-heart: paramcter to the k factlor as follows:

X r A
_ r‘ . k - _g_ a,
h = 4
e
in which Eh « in-phase component of the electrode-to=-hearth voltage
4 " power denoily

I)n = nlectrode tinmeter
These design expressions wereused initially in the present study to estimate
the resistance of a werking unit. The reference furnaces are operated at full

capacity at an average 18,5 MW power input and currents of 17,5 to 18,5 kA (1.

By instrument readings,/s ..




Flgure 111 -1 FURNAGE RUGIGTANCE AS A TULCTION OF SLAG COMPOLITTON;

Euitimited with the use of formulay proputed by variouss
rescarchery

Notations: K t Kjslsoth
N 3§ Nilsen
B : von bergkampf
D=t 3 Downing and Urban
. 3
[ 8
- ’é .
® -
J . 8
-2 © .;
5x10 - §§
®
- o -
¢ 3 0,15
.3 09-U 0,i1%
.g i C-U 0,480
. N 0,1%%
{ D-U 0,625
3 - 8 0,440
&
:
g2 8 0,625
: L]
3
£ N 0,480
10-2 o
- : K 0,156
q
5!'0_3 -
N 0,625
\
—~ «x 0,4€0
- ——
——
K 0,625
10-3 1 1 1 i i i 1 § i
40 42 14 16 18 20 Fe (tot) %
14 ) 16 17 18 19 Ca0 or MO &
i ] 1 1 i 1
! ¥ 1 i T T T i
'8 49 A4 43 Ay 44 AQ 39 si0

2 %



By instrument rcndings the cony& was 0,98, Then at a maximum 18,5 kA the
furnace resictrice would be

3 j1° iy
7, 8 0

3RO 1,85%10 /3,40x107 o 5,42%x107° ohm

. oy . -7
that iu (5,42%10 )/9 1,84x1C ohn per phase

il

i

The portion of the current pausing between electrode and elcectrode was given
as two-third or three-jquarter of the total by Harth (£) and was also con -
firmed by the model teusts of Jrquhart (9). As for a first approrximation the
interelccetrode ~ondustion wir neglected and the resistivity valuc given atove
wae divided between two (lectrodus due to the double path through the lag,
Only hals of the path will bo considered Vere initially wriecl represcnto the
aclual resistivity of the slay layer as measured between electrode rrd matie
giving thus ir th above range of eurrent 10,1 to 9,0 milliohmn per electrode,

f.e, 20,2 to 10,0 millionms per phase,

Now with the aid of the outlined expressionz the furnace resistance
is calralated as follows: using for a reference the laboratory conductivity
data otta 1 e.g. with elag Group ¥V the resistivities are evaluated over
the compocition range of the clag invertigated, that o 11 to 20 per cent
Fetot.' 30 to 46 per cent SiO?, 13 Lo 19 per cent VgD with 16 per cent Cal
as conctant value. This ealeulation is performed for depth of electrode
immersiorn: of De/?, DO/?,ﬁ and He/ﬁ, expresred in terms of electrode dia-
meter. The result of these calealations is given in figure II11-1, The
resigtivity valuce of the graph were comparcd with those estimated from
actual furnace operaticn, With a reference depth of electrode immersion
of approximutely Dn/j the relationship suggented by Downing and Urban gave
the lowent electrode movement i.e. variations in depth of clectrode immersim.,
With Figlorth's equation and to & 1esser degree with Nilcen's close to an
order of magnituids increase in registivitics occurred when the depth of
elecircde Imm o roion decroasod from ho/? to De/B.

The cell conatant of the electric furnaces ty the expression of

Downing ard Urban (oqu,9.) will te

k [ ] Ty v ,P-n.
In ﬁ~ 1 (—%-)‘- 1,]+ r[l + % + (é—)2+..a
o o ) O P}
11./
or simply, if denoting the r-ciprozal expresajon in 9./ by N
R, = -%_—-N or kK = TiN lla./

From eju,%./ of Nilsen/. ..




From equation 9./ of Nilsen

e (/) Or?4

A comparison of k vilues obtained with the different cxprescions is given

in the following table:

Table 111-1, Calculatcd k values obtained with the rugpested

exprensions as functiong of the depth of electroce

fmmersion in the slog,

-4 =1

Depth of Value of k as per electrode, x 10" “cm
immersion Nilsen Downing Von bergkampf  lersson

in . equ, 12 and lirban equ. ., and
in De ' metey equ, lla, Treilhard equ.l5
De/? 0,625 1,60 2,76 1,66 1,15
ne/e,c 0,480 1,80 2,90 2,22 1,18
De/S 0,250 2,30 3440 2,84 1,24
ne/e 0,156 2,92 3,68 3,10 1,27

Here the original equation of von Eergkampf was used in a slightly modified
form to cuit conditions creat.d ty the material processed in matte cmelting

furnacen, Accoriing to this

k, = ¢2e2lliz 13,/

'TTD2
e

Formulatinn of an_a termative expression tn estimate furnace resistance,

The equatinns discusred above were primarily proposcd for ferroalloy
pro:]u(-iy,l,: g;uhy;;@rg‘r(] are furnacen hrwingr three electrodes arr:mged in the
cornere: of an equilateral triargle, lTor the typ~ of alag produced in slesg -
renjatance heated matie smelting furnacen having ti-in=1ine elactrode ar -
rangerent a more aspecific exprosalon wia necengary to ddescribe the operation
of the “urniace. Althongh the cquation developed by Downing and Urban accounts
for intrreclectrode astiong in its derivation a uniform conduction was ageumed
between 1-oothermal homojreneous conductors,  Furthermore, the conducting medium
wap connid.red to have infivite Jength or extention in vertical direction,
of the three-dimensional conversence of curvent tLe expression is

bBeecause

valid for conditions/...
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valid for condi Q1 "aulficient :
al nditions of "sufficient bed cepth™ as this was noted by Persson

and Treilhard (10).  For hirher power furnaces a preater slag depth is re-

quired than for swallce furnac e,  Uecond, the inclusion of the capacitance
term as applici speeintly for hemispherieal elrctrode tips (equs. 7 and 8.)
can hardly be Justifica, While the coneept nmay be of somn value with
completely now elretroces 1€ their tip happencd to be formed as a hemie
gsphere, from practical exneriiice its v Tue will be rather tenuous in con=
sidering th> incredibls rhapes ascumed at times by battle-searred working
ends of Sddcrterg electrodes,  These conditions, particularly with regard to
the effcct of clectrode movement pive riee to certain restrictionz in the

general applicablility of the formeda,

Persson and Treilherd 71)) have sugpgested recently a modification
to the Nowning - Urtan formula to .ocanure the resictance between two flat -

tippad electrodes ac

P
R 1. = Q// e 14 -/‘/
In f— 4 + D [} + § + (5)2 Saee
) e o) o
¢ L 4

The logarithmic portion of the cquation drope cut at high electrade Fouition
i{.¢. when the electrode: mare'ly touch the gsurfase of the bath., From equ.l4

the cell conctant ig exprooced as

[
=
o
<::;
Sy
i
'V 2
-
2
m\/

The expression of furnace resistance representing more specifically
the operation af mattce smelting furnacee waz obtained empirically. Tae
reristance of the werkinsg units was calculsated for optimum operating corditions
pertirent to power inpitoand current.  In the knowledoe of the resistance
values the conotant of the preested formn nowas d-termined by succesnsive
approxiration until the exprocsion yielded fdentical renulte with the
optimum practical ddata, Caproquritly, the cquatiorn obtained in this way is
fully represoptative of the character of material proaruged and the operation

of the units treating thin matr rias

. LRO =32 1Ly iy? 0,5
e = el S ( T 1) 1 Gy 16./

fnvolving four main parameters vir. the total depth of slag bed (if), depth

of electrode penctration, b, electrode diameter “0 and clectrode spacing,

S, The logr rithmie Lern after Attwood, represents the capacitance between

electrodas as,/, ..
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electrodes as parallel corductor:, while the cecond capicitanee term, Ct)
accounts for the capacilarce between flat eloctrode tips as suggested by

Fersson and 'I''eilnard

\ r P\-”' r\ ’
(.L - })c .l 0~§ 4 (-")7 4 (T;)) + ...J

For the puarticular symnotry rclationships of tae referonce Curracesn equ.lb,

can be wriltien as

1 K(H - ) N IR e
Hr b2 "2 "-““i{ L" :i' 1“(1)’[() 1 (("]Z) - 1) + 1'2/6 I)e]

Figuare 1Iila ahowe the variation of the ectiuntca cell constant with the

change of the depth of electroie porctration inte the slag., On this basis

the value of the cous.ant n which deperas on tle character of the materjal

treated or slios proluced, won esntimated as 3,1 when ths average temperature

of the molter slag bed is 14QO°C. Ag for a test of this equation, for various

loads and operating currents the resistance of the operating furnace can be

calculated ty the relationship Rf - (Pw/ld)/é. This is showr. in graph 11I-3/A,
how, a5 for v exanple, using a rlag recistivity value of 4,85

ohm .am deterained in the latoratory, the furnace resistance is calzilated

e e e~

with equation 17.7 ty wiich lip = 10,05 mohm, Using this figure in the

b
v L4 . .
Pw w 6 RI“forunla, for various operating currents the furnace power will be

obtaired as shown by plot I in fig 1I1!=3, Then the intersaction of thre

¢ " 10,0 mohm with the vertical dotted lires ;f;)

of the operating currents ir graph 34 rhould give the rame load values as the

horizontal line representi-g R

plot of 3F wnich evidently appears Lo ve the cace, The agreement betwecen the

two nets of values {5 very good,

For the compairison >f furrace resistances calculatel by the formulas
of u,) lowning and Urtan, b,) Persson ard Yreilhard and ¢.) the present study
let the conditions be ar follows:

averapge clag resjativity 3 4,85 ohm.em at 140000

depth of olectrode jmm-ruoicn, p t 0,48 m

then with the various formlans we get

a./ Powning and Urian

4,65
h‘f re hatuihadennb e PEmATS e medmeme Smes e O N
0,8 0,625  0,625,2
1 e L e |} 0,605 |1 4 =L
5114 1 (5_1 ¢ | iZ"LﬂQ\’__l ’ ‘ 3,4 ( 3.4 )
n l',(“) \l’.”), |
{
%18@ n A,60 mohm
X

b,/ Yercsons Trﬂi]ﬁffﬁ_/ XX
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b./ sersoon- Treilhiard
5 14%0,48
R, = 4,85/ !

f 7
irn 2044
1469
3y
4’4) = w o 10,% mohm
(5'14’('\)'4“)//51?(-)

cs/ Iresent stuly 1 T
Hf - (4 24 iL-:‘) —74—-" )/\/l,(\() + 1,578

s A, x 2,07 = 10,09 mohm

From thic comwpirisen tro results ottained by the Persson-Treilhard foraula
and that of tne prossnt stuly show very geod aprecmat while the Downing-
Urbtan exprocsion falle short dn giving Yess than palfl resistance valucs
approximately in the form hf\act) - ?,?5Jf(“~q).

The propocad equation for furnace recistance takes into account
becides *he deph of electrods peretrntion into the slag also the total depth
of tre slag layer. Th~ matter ic important from the point of view of cell
geomrtry and erl. constant, sincee the latter will depend, hy virtua of llep = h
on toth varialles, This fact ic realized in the formulas of Kjdlseth and
Nilser waile in Yoth tre jow.ire ard Urban and Persson-Treilhard equations
{4 is left out of considerntion., Tne shaps of current flow or current dise
tribution arcund and telow an electrode isg determined prinmarily by h, i.e.
the dietsnce 'otwean electrode tip ard matte gurface. At a constant value
of h it du larwsely iam orial in thin respeet whetever the total depth of the

molten bed happrenc %o oo. Onotne other hand by defining p only, the value of

h will clange with ‘re varictiona of the depth the slay;: leyer and con =
ditione may beeome ill=defined in cane of wvi- r voth I and p. Thus from
the ntanipoint of h it js more adequate te stireate simulianeously these

parame ters,  In thio way the cell constin of the reference furnace from

equ.l?./ will be oypresned as

¥ —
- e ) ey 9 a 2.25(1 - p} .
K Eu ) T ]/\/5.1) 2,25(1 = p) 18,/

The variation of cnll coustant with the depth of rlectrode peretration into
the slag ia shown in fifure I11=ls

In &n alternative way the cell conetant can be expressed in terms
of the following parameters § paxirnae operating power (Pw(m)), internal
furnace area A or alterrately hearth arca as related to the slag bed Ah(sl)
electrode diameter DU. total depth of slag bed H, and Jdepth of electrode

fmmersion pe  With theoe parameter:s the formuly owrpested for k in the

prerent ntudy,/s e

A e
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b,/ Persuou- Treillard

43 14x0,49

Rr LN : e e s e e o e e -
7, e y . . e s
Y A T I R [1, 0,009 | (046297
) 1,707 ! - 544 © 5.4
= Lf~--~ 10,7 mohm
Kjl]dxtl).AH)/().r\)
c./ Fresent sty U —

; 1h x 0,92 .
K = (d'g ) i‘};‘;?""“vs"“‘"—) / \/1 '.('6 + 1 ")/ﬂ

w 4,95 x 2,00 = 10,0% mohm

! 4 LR 0] T - ) H + .

From thic compirizon the results ottained by the Perason-Treilhard formula
ana that of the prooont study show very geood agrecment whnile the Downing-
Upban expression fol's ghort in giving less than nalf reocistance values

approximitely in the form A

h‘1‘(’.!(‘.1.) v 5'if(l)--‘.l}'

The proyored eguation f.:r furnace rerictance takee into account
berides the depth of electrede poo *rotion &t o the slage also the total depth
of the slag lrver. Ghe meticr i Lrportant from the point of view of cell
geometry ard oo ll constant, sin. the latter will depend, by virtue of ll-p = h
or. Yoth vari iies.  This fact ie realiced ir the formulas of Kjdleeth and
Nileer. while drn tots tie powning and irban and lergcon=Treillard eguations
{4 4s left o ' of congidrration. The shape of current flow or current dis-
tribution .. .4 and telow an electrode is determined primarily by h, i.e.
the distance Lctween electrole tip ard matie surface, At a constant valu
of h it is lareely immaterial in this recpeet whatever the total depth of the
mol ter bed happons o be. On the otner kand by defining p only, the value of
h will ciawge with the rariations of the depth of the slag layer and con -
ditionr may veeome ill-defined fn cane of varying both H and pe Thus . ~m
the stardpolat of h it is more adequate to delincate simul taneously thease

paraimnetsroe I this way the ccll constan' of the referencze furnace from

equ.l7./ will tn nypreaeed s

kK = Bn - p) —~—’+——]/\/5.19 - 2,251 - p) 18./

w/4

The variation of ceil constant with the depth of clectrode penetration into
the slajs ia shown in figmire 11,

In &n alternative way the cell constant can be expreassed in terms
of the fullowing paraneciers 3 max irum oporating power (}‘w(m))’ internal
furnace area A or alterniately hearth arca ag related to tho‘slag bed Ah(Hl).
electrode diametor I)Q, total depth of nlag bed H, and depth of electrode

fmao rsion pe  With these parameters the formals augpested for k in the

precent ntudy,/. .o




ke ah it c

prese.e study will be as followss

v ; 3
o [Pl foen

! ) ~o e e Y vy o S ' . ’ N
With the reference furnacos the maximum op vating: power is in the range of

&
’

AN, s internal aron ) ¢ . o 0 ,
19 #eoand the interna! aren /o= 26 x ! = 182 m . The value of the constart

is closc to unity, tere K} = 0,90, “xprecsing 21! lengths i meters and the

-

arca in square meters, equation 19,/ for the working units would yield

P /A 5
, iy ; 3 (1,90 DN 701 o107 . -2 -
k - .k-——.‘”'“-.J‘-n---(. d - p/\ - O . ()/‘ _sM’_‘Z “_X l . ), l: X 1 ) ) ( “ - p /‘x]_() 2 .m 1

4 VG% 4 x Vq?b

or kK = 2,201 « p)

If, inctead of the internal arcn, the hearth area covered by the clag ie
caken .rto ecorsideration, acecording to established best opernting practice

at an average depth ot the slag bed the realtionship telweer internal area

and hearth area related to the slag bed A,y is LA ~2/3 A vs there-
hisl) h(sl)
fore the cell conutant is
Pw(m)
k = K |97 4 D ﬁ)-1 (1 - p) 10-2.m-1 20./
k273 "(su) ®

Qbviously, the fraction Yw/h reprecents the power density urder any particular
conditiorn of farr=em operation, and with the symnetry terms De' H and p the
value of k in defiansd for any given furnace gize by the above expressions

when tre character of the teod s similar to that processed in the reference
furnaces. The broader applicability of the formusa is ensured vy the constant
XK the value of which, €2 notel, will depend on tho character of the feed

waterial uned,

Then, in general, to entimate the effeect of change in slag composition

Lo ioad the resintance in crdeulated fron equ.)ﬂ./ ae

ke ¢ 202000 - p)
with th.e uze of the cpecifie alag rep ativity data obtained in laboratory

measarements which are given in cection fle  Then
for current 1 = Pw(MW)/G “91

s

for power Pw(MN) . ok x 17

As for an example Table 111=0 giver an outline of the mode of calculation

while the complete set of rerultn prrtinent to the eoffect of slag composition

vpon the power/... .
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Figure 111-4¢q, CFFECT OF THE COM O TION AND TEMPEEATGURL OF THE JLAL

Ol FURNACE OPERALION CHARACTERILIICS,
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Fiqure 1y =7, RELATION BETWELY PO INT UT AND DLPTH OF CLECTROUE
PMIERSION a, it THE TEMPLRAT it OF GLAG AG A PAAMETER,
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upon the power input to the furnaec with 17,5, 18,0 and 18,9 kh current is
depicted in figures 1114 and 111-5 as referred to slag groaps 11 and V.
. (oo N b o e -
Table 111-2, Effcet of slay compacition on power input to the furoace.
Mode of estimation,
Slagz group V., Average olag temperature 140000

p = D@/?,G = 0,48 m

a—— OB - —

—— v

Reference  deaistivity Rf (mohm) P = 6Rx 1’ (M)

slax O ohis e 2,25{ll-p) a: operating currents of

stituent % Q 12O =p @ p £
Fe 17,5 kA 18,0 kA 18,5 kA
11 4,88 10,10 1€,4 19,7 20,8
12 4,61 9,95 18,2 19,4 20,5
13 4,069 9,70 17,8 19,0 19,9
14 4,55 9,41 1743 18,3 19,3
15 4,35 9,00 1645 1755 18,5
16 4,13 9,% 15,8 16,7 17,6
17 3,86 7,98 14,7 19,6 16,4
18 3,061 7435 13,6 14,3 15,1
19 3435 6,90 12,7 13,4 14,2
20 3,12 6,460 11,9 12,5 13,3

Effect of temperaturc on refifiince.

The chanse of slar temperature has a marked effect on both operating
current and power inpat rates ag well as on clectrode position in the molten
slag an phown in figare 111-6./ and becomes even more clear in figure 111-7./,
plotted an rogrardg to furnace joad at a fixed operating current and slag
compouition, Therefore, as an {mportant factor, the effect of temperalure
will algo have to be taken into account in performing calculations with
equations 16 or 17. The temperature effect wan demonstraied carlier by the
gtraight line relationahdp betweon 10 K and 1/T, the slope of the line being
dependent on the chemical componivion of thr nlag., An il was shown the slope
¢gives the temperature coofficient of electrical conduction represented by the

change of conductivily upon the change of temperature an

The log v8 1/T /ees
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The log % vo. 1/1 relationship can be expressed py

PR

log v = a = % 21./
or K = Alexp -1/1) 22,/

where the constants a, b, A and B respretively are determined from the
appropriate plots. Then the value of Hf at any desired lemperature is ob-
tained by uusing the entimaited values of % in equ, 17,

Inotead of cqu..'@,/ the terperature ¢ffcet may be calculated con-
venicntly by a polynomial cxpression ucing a computer for curve fitting
calculations. ‘Thus for example the data represented in the plotis of fipure

8., obtained from measurciments on plant clagn, the change of slag resistivity

for the higher and lower exireme vilues were computed as ‘?ﬁ
D - 1.3 |
Ry = 9094007 = 1,17 vy 7,85x107 %% 21,7600 Tpd 23./
2 -3 D -’
Ry, * §,04x10° = 1,60 1 4 1,10x107717 = 2,51210 lp3 24./

» # » )
Equations 1¢ and 17 describe conditions somewhat more accurately than

the oncs used previously in connection with the opcration of the model

furnaces. The expreusions arc ty no mcans of general validity and apply only o ¥
to a parti.ular lurnace type processing a particular material under carefully e
i

gpecified conditiors. ilowover, ad it is sugrested by the literature, an ex=-

prescion of general validity for clectric smelting furnaces is simply non-

existont. lrotably the only exception is Andreae's genuine formnla upon ¢

which all subsequent relationships were baseds These relationships may be
regardr.l purely As adrquate approximitions (at the best) to conditions
prevailing in astus]l operating units,

The basic chortcomings of the prop gsed equations for cell constant R

and the basic concept of crll constant proper is attributable to the high

currcnt dengsitics irnhrrent in the opvratio. of a large-scale working unite.
Theoretical predictions are hamprre ! by both thermal and electrical effects,
in the former case by convect.on and change of specific resis’ivity of the
plag with temperature, and in the latter canc by skin effects and slag

ifonisation potentials. g maken the dircet trannlation of results obtained

on uprcific regintivities in laboratory tests into usable figures for plant-

geale operation and furnncee desipn nomewhat difficult,

?./ The movement of the clectrodes its effect upon the shape of current

e e i s e & =7

Tlow under the clcetrode and on the heating conditions of slag

e et e i S

and matte.

e —— s
¥

geveral attempts have been made in the past decada; to determine

the geometric vhape of currcnt path under the electrode with a view to



- 4 U -

facilitatle thereby furnace dimewsioning,  ‘The cavliest of these (at tne end
of the 19%0's) is attributable to Ya, F, Sibakin ( 11, 17 ) who investigated
the current distribution in both single-phace and threc-phase iron melting
furnaces, Uning noke beds made up of 1 and 5 mm particles respectively, he
determined the current distribution by measuring out equi potential contoures
belween the electrode and the bottom in a model furnace. supported by a very
comprehensive theoretical analysic from the measirement: up to that time

1i »tle-known relationships like clectrode position vs, furnace resistance and
operating curreat, operating current and resistance vs, furnace agiameter,
then heat distribution and furnace crogg=acction va, electrode digtance from
the furnace bottom could bte ectabliched with good accuriacy for thrce=-
elec'rode iron melting furnaces of circular cross-nectiorn, The shape of
current flow found by .itakin wag that of a paraboloid pacsing threugh the

perimeter of the electrode tip and across the rlectrode atove the tip.

Morkramer (13) was the first to suggest a relationship between the
dimensions of the systen and the speeific resistivity of the charge in the

= ﬁ“" ) 25

pased on Andrecae's electroie periptery concepl., By this equation he
aseumed a geometrical shape of the current flowing between the electrode

and the hearth, the volume of which is equal to that of a truncated conc.

On the basis of model cxperiments Nilcen (4) attempted to cors
reiatec electrical corduction with the ghape of current flow between electrode
tip and metal surface (or furnace hearth). TPotassium chloride of two
different concortrations were used in the tectis, Three modrls were corsidered
for the geometrical rhape of current flow, viz. truncated cone, cyliader with
superimposed paraboloid and paratoloid paseing through the perimeter of the
elcetrode tip., In the gimplified analytical colution Nilsen assumed that
all resistance is between electrode tip and furrace bottom. HMurther he made
no ac ount for the rounding=-off of the electrode tips which, from practical

standpoint, io of conniderable importance and eliminates the source of good

deal of migints rpretation and confunion.

Undoubtedly the nmost impreccive and sophisticated technique
applied to the inventigation of thin problem wis uned reccntly by Rabey at
Cape Town Univervsity (14) in conjuncton with furnaces having G=in=1line
electrode arranpemenits e also, like Nilsoen, uced a £alt solution in his
model to repreusent the rlag bath of o working furnace with the inherent dic-
advantage of small current. production which i out of proportion to the real
gize of current in an operating unit when the size of the model and the

working I‘m'nacv/. o
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working furnace is comparvd, on an equil ucale. Thio modifics the effect
due to magnetic ficlds. Likewise, skin effccte which might be gignificant
on large electrodes are completely lost in the casc of a model. Do is the
considerable reactance always present in an arc furnace circui* and also
the inductance, prescnt in the bushare of a large-scale unit. lHowever, an
attempt was made involving theoretical conaiderations to account for thece
ghortcominga, thus the results can be regarded as being represcntative of
conditions prevailing in induntrial-rize furnaces. The basic principle of
measuring equipotentinl fields was similar to that applied by come 40 ycars
ago by Sibakin, but the sophiutication of the cxperimental technique per -
mitted the accumulation of vawni anounts of data with the use of a mini -
computer hooked directly to the model for the purpose of both giving in -

structions to, and receiving data from the model furmace,

From the resalts obtained by Rabey it would appear that the
geometric shape of current flow under the clectrodes could not be described
fully by a paraboloid as it was suggested earlier by the models of Sibakin
and Nilsen. The ghape was closer to that of & nypertoloid or at least could
be fitted between a hyperboloid a.ud a truncated cone., (see figure 9.).
Applying these two configurations for the geometric shape of current f{low,
two models are proposed in this study to determine the volumetric energy
density, as exprescer in watt/cm5 glag volume, and the current distribution
in the rcference furnaces. The basic thinking behind the following analysis
is that the amount of heat is represcnted by the volume of the geometric
body of current flow which is shaped between electrode tip and matte surface.
Thus obviously, at a constant rate of heat generation by the electrodes the
amount of heat contained in the geometric body {s inversely proportional to
{ts size or eluse, to the digtance bctween tip and matte surface on account
of the decrease of the volume with the decrcase of the distance. This i8
underatandable tecaus. the erergy contained in the body, irrespective of its
ghape or nize, at a canatant rate of heat generation will be the same, lence
the energy ievel in an elementary body placed in the path of current flow
will be inversely proportional to the depth of clectrode penetration. With
the aid of figure 10. 1et the point be {llustrated as follows:

Vor a given size of erlectrode by Andreae's formula (E/I)T!De = const,
that is the principle of the electrode control system is based on the
resistivity of the nlag. When the resictivity is assumed to remain constant,
then from I = IK = connt. rclationship if we

a./ decrcase the/..,

A e e




Jorem  ‘suoD ;O 0B8] el JjO snipwy

o'z &'t 9'b L T 0%t g'c <o vo 29 0
L [] < [] Ab /l < 4 U G . — . °
N N ,
N\ \ NN DN .
\ NN N\ i
43000 \ / - v'0
- 4O 988G Syl JO SNIPWY \ \ \ / |
0°2 't 2 80 e 0 N N |
B e W 2. - - r'Y 2 - ° / / / / N — —— — — lWﬂ Ouo
J / / / N ..
\ \ pe———— — 8%
\ N\ N AN _ .
A N\ \ /_. lllll Aﬂ' o‘t
N\ N
\ \ | - %
N i _ .
- 10 W AN | - 7'}
r\uu‘ z/
- /~ - WDF
2 ! 5 e
o 3 Z G “
H
b 2%4 - .,
L 1
3MELI3 i
9%t "

suco aul 0 ubiey pus 238q Ul usomjeq diysuoriejay /°Q

31 1vW ONY 300819313 N33Ai38 A0l IN3HHMO 30 3dVHS 3L ¥Od 13IMOw NS GIvONRL

| #

10p08 SunD peEdUNSy /°®

= i oanbid

touon jo 1ub{eN




Distanga frum matte surtuco, ®

9p0439913

peg Ssys usjios Jo doj

| |

. o @ .
]
|
—— .__‘_____.,_..___.__—“
U |
|

"‘“‘l‘ll“

sm014 1N3HED 40 3dVHS WL 504 130 010108k3dAR

ezb = 111 o9y

ML




Ulc-3
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Figure 111 - 13. RULATTOMSE RLTal T2 VOLMETRIC HLLRGY LEINGITY ALD THE
DISTANGE OF FLECYRY:E TIP TPGM 1L MATTE SURFACE,
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a./ decrease the output -ollag of the tranuformer (10 decreased) ,

then by symbolic representation the result will be
EL“"(ITR l); ?h‘i!, p ,f. VJ, /v T"fve T A ‘L,
since [ 'R = Q = conat.

That is with the incrcase of the current R will have to decrease,
the dislance h betweenelectrode tip and matte surface decreases,
the depth of electrode immersion p increases, the volume V of the
geometrical body decreases, thus, since I?H = Q(total heat input)
is constant, the heat contained per unit volume ( q/v ), that is
the volumctric enerygy density ( J;e) will increase, while the area
A projected unto the surface of the matte, i.e. the area of current
flow will decreave.

b./ Increase the output voltage of the transformer (B increased) with
increased tapchanger position, the reverse of the above-described

case will result. That ir

. A A
L1—>(.1 ln AL pl, VT. q/vL. (;evl. A f.
Consequerntly, if the slag redstivity varies, cay increases then,

in order to restore equilibrium, the current I will drop. Then

this decrcases E and the sequence of procedure a./ will set in.

The proposed models of current shajeare snown in figures 11I-11 and 12, from
figure 111=11 the heigut of the truncated cone in relationship to its base
is giver as

Ve p = 1,25 rb - 0,78

(rbn radiue of base) an. with this the volume ir expressed

1’25 r - 0578
— b 2 2
v, = v ( ) (x + ryry 4 r,) 26./
3
where r, = radius of top and r, = radius of base of the cone,
The volume of the rectangmlar hyperboloid in terms of clectrode diameter
heh /2
e
LA g Ti(n - p)’an 21./
I)e/?

With the volume thus known the change of the volumetric energy density ’;ve'
as a function of the distance between clectrode tip and matte surface, h.
is plotted for four different rates of power input, viz 14, 16, 18 and 20
MW in figure 111-13, expreasing J . in watta/cm3
the volumetrie energy density as a function of the depth of electrode

nlag volume. In this way

immersion can be/...
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immersion can be approximated by the following formulas

‘l

truncated cone : (fvo = 0,04Y Pw(ﬁ-p)-l’v W cm5 28./

hyperboloid o 0,050 rw(u-p)'5'° W/om’ 29./

voe

The equation of the truncated cone was obtained by averging out the slight
curvature of the log-log plots s0 as to obtain a stripht line on this scale,

In a true sense then cquation 8, represents a hyperboloidwith very slightly

curved surface,

The difference between the energy densities obtained by the two
models is very sizcalle, but in both cases the indication is that the
movement of the electrode is associated with very substantial variations in
energy diccipation. A change of about 0,4 m in elecirode positior wnich may
easily occur in working units, would bring about a more than twofold chang«
in energy denasity per unit volume of slag within the geometric body ard
would point to the neccessity of corrcet electrode positioning and as little
as possible electrods movement in order to secure the bes. efficiency for

the opcration,

Interelectrode conduction,

Althoughr the capacitance terms of the equation developed for
furnace resistance make allowance for intrraction between electrodes, they
give no information as to the degree of interelectrode conduction. This has

aleo been neglected in the formulas of Kjplseth, MNilsen and von Rergkampf.

Pertinent to clectric smelting furnaces with 6=in-line electrode
geometries Urquhart (9) carried out laboratory model tests using a salt
solution to reprenent the slag layer and mercury to represent the highly
conductive matte layer. The relative roles played by the electrode tips
and sider were detormined by insulating either the side or the tipe, The
cell constant was then estimated from the relationship R = ?slk (981-
specific recistivity of clag) with the dimenuionless parameter kDe for the
purpose of ncaling the furnace, The equation for cell constant was
developcd from the model propoced by Nilsen (4) for a paraboloid passing
through the perimeter of the clectrode tips and enablen the estimation of
cell constant for the size of the reference furnaces in question in the

following form (9)

k = 0,00148 1n SIzR) + 24,3 30,/
24,3

Fquation 7). when combined with the Attwood formula (Section 11) gives cell

constant values/...
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constant values similar to those obtained with expression 111-17 of this
study.

In the aralysis of tue results obtained by Urjuhart on inter -
electrode conduction, denoting tiie fraction of eurrent belwes:. electirode
and matte as le/m’ electrodn and electrode }e/e and tne total operating
current by Itot’ the ejuation of current partition of the experimental data
as it was found by the writer of tnis study, can be expressed by the following

approxinating formulas

ltot- Io/w
100 — ==Ll o , . -
o le/o 3 here Ie/e ~ of Itot
- - L] /
or 1 IO/m Ie/(,' )10/
[ o4 [#
e T = 0418(=p)°"" - 0,18 h¥ 52,/

that is with ircreasin~ distance tetween ~lectrode t.p and matte surface th2
inter-clectroie conductior incrcases, These equations give the relationsiip
between d~plh of elerctrode immersion, total depth of rolten siag bed ard
current flowing fron electrole to electrode and from electrods to matte,
rrom thcse ‘inta witn the lepth of ~lectrode ponetratio: encountered in
practical opcration with weelectrodes-in-lire furnaces, about 75-60 per cent
of tue curront flows via elrctrode-rutte~cloctrode and 20-2% per cent can be
attribut~d to Inter-~iectrode conduction, These results have beer confirred
by the montioned investipations of wabey (14) who further found that the power
dissipation is concentrated in a small arear around the electrode tips, Thus
for exarple in a distance of about one electrode diameter frow the tip the
voltage drops to {/% of its original value and, due to further sharp drops
the power dissipation is such that very little extends beyoni this area., The
currcnt flow lines ontairned are shown in firure I11«14 in which the dotted
line indicates the touniary where the ficld strensth drops to 1,3 of its
maximal value., Tne other linen nhave been drawn through points at which the
masnitute of current has deereased to a ceriain fraction of the maximum value
in the plare, The snarp voltage drop fro.. the tip of the electrode was
already observed by niglseth and the potential gradient along the distance

between the nlectrode nnd hearth was also cinilar to that proposed by the

same rescaArchier,

The tempe-ature and energy gradients developed in the geometric
body in vertical and horicontal directions represent sizeable deviation
from tho idralised case of even cneryy diatribution, for which the volumetric

erergy densities were estimated, The values given in firure TI1I - 13

11113 and by/...
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Figure It = 16, CONDUCTION PLIWVEIN ELECTHODES IN AN CLECTRIC FURNACE

Ao/ INFINITE BATH .
He/ SHALLOW ATH

Figure 111 = 17, EFFECT OF BIFILAR ELECTRODE IMBALANCE (ESR PROCESS)
e Ty e~ T




I11-13 and by cquations ?Y and 26 are averages for a given volume of the
geometric body in question.
The flow pattern becomes more complicatcd when the electrodes of a

phase are in different position which is very often the cuse in practical

- furnace operution, JFor this conditlion iabey showed that very little energy

escaped through the side walls of the submerged elect:iode and the same
amount of jower was dirsipated around each eicclrode irrespective of its

submergion provided it was not too close to the matte,

It may be of intcrert to compare these findings with the results
obtained in electro slag remelting (¥9R) model tests which have been carried
out extensively in reecent ycars by various reseurchers, (15, 16, 17). The
flow in the bifilar electrode process may te regarided as that most comparable
with the mattc smelting turnacce having two electrodes per phase of current.
Figures Il1l-15a and 15b based on the resulis of these model teats give an
indication of what the flow pattern of slag might be at higher (a) and lower
(b) electrode position, Wwhen the current is dissipated from one electrode
to an other idcntical electrode each with identical immersion, the slag
heating scems to be essentially in the upper part of the pool and gecnerally
in its central region. At higher clectrode position the slag circulates
past each electrode while with a shallower bath or dceper electrode
penetration there is a much stronger tendency for descending slag column
below each electrode, In the context of electric furnaces this aspect is
illustrated in figure [1]1-16, in which a.,/ represcnts conditions in an ine
finite bath an e.g, referred to in the formula of Downing and Urban (equ.9,)
while b./ shows the patirrn of conduction between electrodes in a shallow
bath, = With two electrodes in different position, figure 111=-17, after
Rawson et al, (16) demonstrates the cffect of an inbalance of electrode
immersion in thec bifilar iGR process, Here the lower clectrode produces a

distorted, strong toroidal flow, A portion of the current passecs directly

‘between the electrodes in the upper part of the bath creating a slag fiow

toward the lower clectrode, The pressure gradient between the electrode
and the metal pool ig steeper in the caun of the lower electrode and the

flow there, au a consequence, more vigorons,

Let ua consider now th» cave when diff-rently sized furnaces working

on _the same raw materials form geometrically and electricnlly similar systems,

The ohmic voltige drop within the greomntric body of current flow may oo

evaluated by integrating along the current path

K ..[S*A”dl 3%,/

where £&l/'°‘




where 1&11‘ is the current dencity st a dictance 1 from the electrode tip.

Likewise, the electrodc current may be found by integrating over an equi -
potential surface i

1 -S A 1dA 34./

dA being here the surface increment to wbichl&il belonge, Then the ohmic
resistance in the geonctric oody will be

qu“dl
y A as

Since the numerator contains a linear parameter (distance) while the de-

R = 35./

nominator involves the area which is quadratic so, obviously, the increase
of the siwe of the rystem while the reristance is kept constant will imply
that F increases with the first power and I with the second power, In this
way R is inversecly prcportional to linear dimcnsions which is the basic

oriterion in Andreac's clectrode periphery concept.

The practical importance of the protlem will be apparent in srale=
up considerations pertinent to furnace symretries. When the systems to be
comrared are geometrically similar, i.e, corrcsponding points will have
equal resistivities, the aspect of the shape of current path and, also, the
variation of revistivity within the geometric body of this current path
Lecomes a matter of secondary importance, even may be left out completely
from further consideration,

5./ Practical features of the cffect of the change of slag composition

on electrode movement with particular reference to the operating

furnaces,

With due regurd to the implications outlined above pertaining to
the flow pattern of current and the movement of slag associated with it,
the difficulty of making generally valid predictiors as regards their
effect on furrace operation becomes otvioua, On the other hand with some
caution it may be possible to draw some practical conclusions in respect
of certain features of the operation, Some considerations in connection
with the reference furnacer which, however, are thought to be applicable
also to other units of the mame type are outlined below,

Graphs 1IT-4 an! b show the response of various parameters, such

as current and power input rates as well as electrode movement upon the

change in slag/...
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change in slag compocition ag evaluatzd from equ., 17, The rclationships
are based on synthetic slags but, as was referred to previously, in cage

of plant olags the cffect is much less prorounced due in all probabilities
mainly t> the random variation in the percentage of the various slaga
forming constitucnts as againot the carctully controlled composition change
of the synthetic slags, dowever, the basie principle governing the com -
positior effect should be the same in both cases, thercfore the findings

outlined are of gceneral validity for these types of ulags,

The two mout influential ulag components in the change of the
electrical parameters of furnace operation were found to be tae FeO and MgO.
As will be apparc:t {rom figures 111-4 and 5, their cffert in the com -
position range of th» plant slagn is by and large the sane, Since, fortunately
from the evaluation point of view, the percentage variation of these con -
stituents is also similar, (11,% to 16,%% Fe, . 88 ugainst 12,5 to 16,0%
Mg0), the following discussion will relate to the elfect of both compor.ents.

The shaded area in the figures denotes the actual operating range
with regard to current and power ir the contexti of the comporition variation
¢f the plart slags, It is clear that in order Lo remain in the desired
range of optimuwm 17,5 to 19 MW power inpat, the depth of electrode inmersion
will have %o vary from ne/z (at 10,5 kA as a maximum) up to De/S (at 17,5
kA as a maximum) when the average slag tomperature iz taken as 1400°C and
the height of the slag layer 1,4 m., This would mean an electrcde movement
of 62,5 = 25 = 42,5 cm, Increacing now efther the FeO or Mg0 content of the
elag the chaded aren will extend toward the right on account of the increased
condactivity, f.e. decreased reasistivity of the slag, To compensate for the
loss of resistivity and in order to keep tho range of power Input unchanged,

the automatic control rises the cleetrode, thus increasing R and lowering I,

If onc decicded to increace the transformer capacity with a view
of inercauing the power input and thereby the throughput rate in the furnace,
according to graptw [11-4 and H an upward shift in power input would in -
variably cause the electrodes to "ride higher" at unchanged currente, i.e,
between 17,5 and 18,5 kA, lowcever, with the higher current from the trans-
former, say 20 to 77 kA, the cucrrent plots acsociated with lower clectrode
pouitions would be shifted more and more Lo the right of the graph,
Calculations indicated that in this cane the electrode cnuld be kept at its
conventbional ”0/2'5 1o “9/5 depth of immcrsion ceven if the MgO content

increased to more than 19)) aud the FeO above €%, Thus with slags of high

FeO and MgO contents/...
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FeO rnd Mg0 contents provisions should te made for incréased heating
prwer, that is for ine-cascd transloraer capacity, - If, on the other
hand, th. rat: of power input were decided to be decreacced to say 16 MW,
the conditions would be such that even at an extrcme value of 26% FeO in
the slag the ciecctrode would comfortably opurate at a maximum of 18 kA

current and electrcde porations not higher than D /3.
Q

hs way be Judged from the plots of figure 111-13, Lhe average rate
of heat gencration, depending on the assuned shape of current flow, would
increase or decrease by about 27 to 40 per cent if the electrodes were
loweraed or raiscd by about 19 em., On account cf the regulating system
taking care of any change ir resistivily by virtue of the E/I = constant
relationship, the part playcd by moderate electrode movement night te
diminiskel and, as a recult, a more even heating of the slag ensurea., The
extent of this "noderate" electrode movemert can be Judged agein from graph
13, Say a + 5 per cent change in heating power would indica‘e a change in
electrodc position botween DO/2,4 and DG/Q,B that ie about 8 cm, This is a
rather small wovement and pecints to the necessity of close control on
electrode positioning., It must be emphasjized again here that these
suggentions are baced on vresults of electrical conductivity measurements
obtained in the laboratory on synthetic slags, In plant slag relations the
influcuce of the change of slag compositicn i.e. the reculting change in

electrode positioning on heating power will be consicerably less prorounced.

Furthermore, all calculations of furnace resistance bassd on any of

the suggested expressions will necensarily reflect ide nditions,
since in an operating furmace the actual electr sistance will
vary from time to time in a random pattern acco. .ne flux of feed

material to the electrodes, Measurementn carried out on the resistance of
one phase with the movement of one electrode of that phase in a working unit
(18) resulted in findinga summarised in figure 18, The effect of the con -
dition of charge around the c.cctrode (wolid or semi-solid melien pellets,

or fluid slag) is apparent from the graph indicating considerable variations
in electrode movement with the change of the physical chqractqr of the feed

miterial,

4./ TFurther notes on the effect/.,.
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4./ Wurther notes on the effocl of elap composition on furniece oporating

paraneters with particulir i cronce Lo submerged arce-slag rocistance

furnace relationshiy, T

Figures 111-4 and % asseus tne effect of clag comporition upon power,
current and clectrode pousition reliations,  Further to some of the furnace
operating characteristics the following pgennral considerations may be of
interest,

a./ Current and pownr,

The ma;nitude of clectrode current in case of submerged electrode, slag
resistance heated furnaces is eivern by Ohm's law, In ohmic resistance the
voltage is in phasc with the currcnt, therefore V = IR, while in case of in-
ductive resistance the current io 9U° behind the voltage, and Vi = IL or
Ixc, Xc being the circuit reactance, To this comes the resistance of the
leads, transformer, etc. denoted aa hc. Now with the total resistance of

the system the electrode current ig given as

1 U
I = e R Ty 37 ,/
€ V; \/(161,4R)?+XT
c c

For a phasc of the six electrode furnace and with two electrodes per phase
one can write th

Ie - 'V‘" — ? 32'.":'.. 37&0/

(Hf + Rc) 1 Xc

hore Von v/ \[?

In determining tihe electrode current equ. 374 reletes to one single electrode
poéition and slag bed depths The importance of these factors in calculating
furnace resistance han been discussed in the foregoings and various formulas
for the evaluation of cell constant were suggesteds Therefore the furnace

resistarce i calculated Ly using one of the outlincd equations for the cell
constant k, with k = K{il = p), where constant ¥ in the case of the reference

furnaces {s 2,25 giving thua Hr in milliohms. Then expression 37a becomes

Voh
——a b SO 38,/

1, = - e
\2[? 2(2,25(H = p)) 4 ncj X

With the use of equ.’8 fijure 111-19 wan constructed based on conditions

prevailing in the reference furnacea with an average slag bed depth of 140
em and depth of electrode immercion 48 to 50 em (= /2,4 to DQ/2,6). Slag
Group V was taken as an example with the iron oxide content varying from
4,98,3%,09 ohm,c,s Thie gives a variation of furnace resistance of 10,6

to 6,4/..,
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to 6,4 milliohs al Aver e slag temperature of ‘MOOOC. e graph in -

corporales also th: offect o slag compositicn upon the power faclor when

cosq7 is calewlotlod oy
“f 4 Ho

C():',I{ 3 e o o3 et e 39./

e
V[}‘.o K I

(\j o)A
As will be scen in the grapn the clinn in slag compositior, has only a very

limited effect on the power Yactor,

By the surpestion of Doikrnwer(13) the “hearth voltage" v, (which
is equivalent to the eleotiode-toencutral veltage) can be calculated with

the following foru.la

1
' ~ —— ———-—
\u = lﬁu T J}G 40./

With the incorporution of the electrode diameter as 2 variable, equation 40
involves also furnace symnetry aspects,  The current-voltage-slag composition
relationthip estimated with this equation is depicted in figurs ITI-20, At
lower slag resistivities the agreement Leiween the values of figures I1I-19
and 111-20 is excellent, As the resictivily increascs, the "hcart voltage"
calculated by Morkevum r's formula teconen somewhat higher ard, correspondingly,

the electrode current lower than indicated in figure 111-19,

The circuit rcsistance Hc o the system is constant, As to the other
memebers of the resirtance group the inductive resistince Xc depends, apart
from the chort circuit reactance of the furrace, on the geometric outline angd
measure o¢ the hign current leads be tween furnace and transformer, The
electrode pusition haz only little effect on the value of Xc . The active,
or furnace resistance Hf, on the other hard, changes greatly with the position
of the electrodes at constant feed rate and composiiinn of the burder. Figur:s
III-4 and 5 give a good indication of the effeet of elrctrode poeition on the
variation of powrr Input tc the furnace at any epecific slag composition, so

this aspect needs no further discussion in this place,

For a compariscen 1ot un assume now that an arc furnace is cperating
with a clag the recintivity of whish is sinilar to that produced in the
reference slug rosictance-heated fuwrmacrse e transformer tapping €ives a
voltage rarge of 170 to 3% volt on the high current side, With the highest
tap (=17) the voltage is 350V and the voltasc-current relatior will be thus
represented by the second highest 1ine in Figure 111-19,  Then the power jne

put Pw can be calculated by the following connjderationo:

Pw n 3 Volucos(f

that iS/o e
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that is pe has ) = [
per phase 12 VOIecong( 41./

Since \'

hid

I R, + 1L X
s | ¢ cC

and by figure I1I-22b I X = Vonincf

ec
therefore I . Vo“i"‘f 42./
a
X
c

Putting 42 into 4) gives then the applied reactive power as

v?
)
Pw N —-—uinc{co':c{ 43./
Xe
2
The wattless power Pb . %a sin%f 44./
c

and the total apparent power (circuit irnput power or Mw)

v :
P,o= T fing 45./
c
while the loss of power Pl = 3 1230 46,/

from which the effaective melting power is given as

1 - ) o P
e Iw }1

N

- 512n S {

c sincfcos?) -3 I2Rc a1./

><‘<
o {o

Using the quoted data and the atove cquation figure I1I-2)1 is obtained giving
a rraphical display of the conditions for the particular arc furnece, the
maximum power coinciding with cosq = 450, that is q‘- 0,707 or 1/'V—: In
this way the optimum operating range is restricted to cosci = 40° to 50o or,
as regards maximun effective smelting power, to 45°to 550. A decreace to
500 or increase beyond 0% of the phase angle trings about an abrupt de -

terioration in smelting efficiency.

The change in furnace rccistance from 7,05 to 10,6 milliohms ( COTl=
respording to a veriation in the lron coutent of the slag from 19 to 11 %)
would result in the shift of the optimum operating current as oulined in

graph 111-22, for five different vlag resic*ivities,

Ap againut these operating characteristics of a submerged arce furnace,
the slag resistance=heated submerged electrode furnaces exhibit a vastly

different bLehaviour, The main diffvrence in the operation of the tww furnace

Llypen ia reflected/...
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typas is refleatei primarily in the conciderable incquality beilween the

ohmic and inductive renictinc: of a charse resictanee furnacr as comparcd Lo
that obtaining in v submcrsed are furaase, Owing to this fact the familiar
load curves relaled to the latter furnnee type connot be constructed within
the range of operating current characteristic to slaz resigtance-heated
units, This becomes immediately obvious from the very slignt rezponse of

the power factor to changes in slag comporiticn, i.e, resictivity.
Consequer.tly, these furnaces operate without any particular ¢ffort (in case
of appropriate sla; composition) way on the left of the power {cr voltage)
circle diagram chown in figure [1I-2cb with high recictance and low reactance

voltagee,

For a comparison fijure 11123 reprecents the full elrcle diagram of
the imaginrary arc furnace { trhe load curvesof which were drawn ir. figure
111-21) based on the followirg data: transformer sccondary voltage 350V,
slag resistivity 3,4 onm.cm, furnace resistance 7,05 mohm, maximum
electrodr current at 350V = 05,5 KA, furnac.: reactance 1 monm, VWith these
characteristic values of Hf and Xc the arc furnace is imagirary in contrast
to the true arc furrace for which Rf ar.d Xc in balarced and cfficient
operatior. are equal or by and large of the same magnitude, The gravity of
this assumed condition, by which the operation of the arc furnace would bte
thrown into a great degree of inhalance is fully appreciated even i€ it is
set for conparigson parposes crnly.

The variour parameters indicated by the arrows in figure I1II-23 are

expresszd as { 19 ) : V2
P (max) m» —— —=2 48,/

v V2 x

c
H(max) = e =2 49./

V2 %e

1 Ve

Ps(max) -~ 5 50./

V/kf 4 Ro 4 hc

The current uced nt the maximum omelting power

e e A < o - i

v ) R

0,/1 [
I, (at I‘o(mnx)) - 5 J—?- (1 - ey 51,/
o Xc 4 Ho

The targent parallel to the chort circuit current (Inr c) vector contacte
the half circle at point A by which the appavent eurrent Ia at Pn(max) is
defined, that is the current coupied with the moximum smeliing power,

The short circujt current fe expresscd with the eireuit voliage U and

reactance nu/...




Flgure

PH=24,  RECATIONGHE® GETv00N CUROENT AND POYFR IN A SLAG RESISTANSE-HEATCD
FUINACE AT THRUE Darrerenr VOLTAULS OF THE TRANSIO#CR SCLONDARY,

Dotted lires rofer to V.« 200 V and tho projections on the ocurrent and
Posan ax:u donote roupe :?ively miemam current and power ohtarinable 3t this
particular voltuge at 1,0, 1,% and 2,0 ailliohm reactunca valuos,

Saall dotted square repousants the actusl oporating range of the referance
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. U
reactance as - —— :
ctance a Ish.c.i Xc 52./

and the clectrode current as bofore

c 4
\/nc » XC

Actually by equ, ITI=52 the "idcal" short circuit curr:nt is ~iver. which ic
equal to the diamoter of the current half cir:le., "The actual short circuit
current 1 is smaller than 1 nince the furnace cannot be ideally

Sthl Sh.c.i.
short-circuited dus to the circuit recistance Rc' i.,0, the recistance of leads

N <

which is ulways prezent in the cystem,

Figare 111-24 chows the current-voltage-power relationship

calculated with the aic of equations 37 and »7a for furnice resisiunces

varying from 10 to 1 mohm. 7The operaing range of the reference i irnaces is
indicated by the dotted square corresponding to a maximun 6,5 MW power per
phase and an optimum operating current of 18 to 18,5 kA at a furnace res -
istance of about 9,8 to 10,3 mohm. Appareontly there is no curving-down of
the plot which contimies as a straight line far beyond the boundary of the
operaling rarge. Tho phase angle is in the range of 1C to 25 degrees giving
cosq? vaiuec in excess of C,9, Consequently, the conditions chsracteristic
to arc furnaces by which the maximum power irput ocours when Xc - Rf + Rc'

leading to maximum operating current at

v
1 - 22
max v2 Xc
with equ.39 vecoming COSCf - -é@r = 0,707

will also alter in case of slag resistance furnaces due tc the mentioned

great difference in the active and inductive resistances, The high ohmic
resistance coupled with the low reactances permit the units to be run with
phase angle values consniderably below those termed as optimum for arc furnaces.
In thia instance it is desirable to operate at the possible highest voltage

the transformer secondary can yield, Thio is self~explanitory from figure
111-24 showing power-currsut plots of the rcference fuvraces for tap numbers

1, 9, and 17 corresponding regpectively to 170, 260 and %50 volts,

Ae for a practical example to these points fipgure 11]1-25 based on
actual plant oprrating data indlcates the reactive power (MVAr), cperating
current, voltage and power input relations., The figure is based on data
loggings carried ont during "running-in" a newly built furnace close to the

end of the start-up poricd, As will bLe obvious from the graph, the reactive

power ircreased by/...
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power incrzased Ly some factorial cxprencion upon the inércane of the load

up to about 13 Mu. IFrom then on the increace of the MVAr became insignificant.
At lower power irput (6 to 9 Md) higher voltages and lower currents were

used; then betwern 9 and 14 MW the current was considerably raised, Finally
above 14 MW powcr the current decreased while the voltage incrceased further,

A characteristic feature of the operation of thig period wac a relatively
constant relationship between the total applied power and the useful smelting
power, restricted to a band indicated in figure [11-29B, The efficiency here

is expressed as

" M-——-—-“ MVA..—E. 2
q1P MW > /

b./ Comparison betweon submerged arc asnd alag-resiclance heated furnaces,

Finally, in rounding up this section, in connection with the above con-
gideretions it may be of intercst to attempt a brief, general comparison
between submerged arc and slag resistance heated furnacess in American
terminology often called "special arc" and "charge rcsistance” units. In a
broad outline they are similar in that a./ the process voltages are low, in
the order of few hundred volls only, b./ cuirent is high, tens of thousands
of amperes, c./ voltage has to be adjusted with the variation of process

conditions,

The electrical resistance of most charge materials is relatively
constant, that isc it does not change rapidly with time, The basic difference
is caused by the fact that the electirical resistance of an arc can be termed
as uastable, its valuc fluctuates rapidly during much of the process cycle
causing thcreby fluctuations in both MW and MVA., These fluctuations,; especially
that of MVA, can have an adverse effect on the power system and may require
expensive corrective measures, The arc characteristics may introduce harmonic
voltages or currents, cometimes both, into the power supply system, (20).
Owing to the rapid variations In recistivity, faster response from the
electrode positioning system in desirables  Also, arc furnace processen tend

10 be batch typa rather than continuous.

The role of reactance in the two cares is particularly liceresting,
Charge resistance, as mentioncd already, tends to be relatively stable varying
only slowly with timc as the temperature, or cventually the composition of
the charpge material varies. Arce recistance, on the other hand, can underyo
substantial changes in a fraction of a sceond, Vlertaining to stable and
wnntable resistances, figure 111-26 may serve as an illustration based on

the various topicn/..‘
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the various topics discusned previously in this section, showing the

character of resistance or impedance in voltage~current relationship as

regards arc furnace and slag resistunce (or charge resistance furnaces,

The combincd inpedance shown in the ¢graph io made up as arc impedance
(resistance) + cireuit impodance (reactance) rerpectively for the two types
of furnaces. In casc of are furnaces the are resistanece (impcdance) is un-
stable and, as a result, its combination with the cirenit impedance will
also be wnstable below a cortain operating current value. Above this
critical current the circuit impedance will exert a stabilising effect so
that the combined impedance will ~lso bhecome stable, In this way the arc
furnace circuit reactance can be regi ded, vithin certain limits, as a

useful electrical paramcter,

With slag resistance heated furnaces the case is different in that
the charge or elag impedance, replacing the arc impodance in a virtually arc-
free system ir also stable and helps to fulfill the general requirement for
a convenient current control by which the volt-amper characteristics must
slope upwards to the right in the chosen coordinate system, OSince this
requirement is "a priori" satisfied, the circuit reactance does not serve
any useful purpose and thercfore, will have to be minimised for example by
the most appropriate arrangement of conductors tetween the transformer and

the electrode,

However, even with arc furnaces when the reactance becomes excessive,
it tends to affect adverscly the control of current. Let us take again the
example given irn figure 111-21 showing load curves that would result in an
arc furnace having slags of siuilar resistivities as those produced in the
reference furracra. On doubling the circuit reactance, the maximum posscible
power for the circuit will be halved, as shown in figure I11-27. Obviously,
the voltage applicd to the circuit can be increcased which will restore the
power at the peak of the power curve to the same value as that of the
original curve. Put thin will also increasc the arc voltage in straight proe-
portion tc the rise effected to the circuit voltage leading to changes in
arc characteristics thereby affecting amelting and, also, general heat
distributic . conditions which may lead to excessive refractory wear, - The
also on the slze of the furnace and with larger

reactance requirement depends

units 1t may become excronive and will have to be reduced as much as ponsible,

For a given reactance, referred to the secondary ride of the trans-
i

former, when keeping a prv-dnterminnd active power (Pw) and apparent power

(Py), the secondary/...
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the se ar . ; . - .
(Pa)a ¢ secondary current and voltups can be defined by the equations (21)

\/.2.-}’ - e
U 3 LAKY = / “' C ’
sin 2¢f \ ein - 54./
I tan ¢ P sin
and I = \, w1 [ Taf n f 5./
- 3K 3 X 204
c c

Thereby any point on the previously discussed graphs in terms of U and T is
characterised as

U, 1 = £(p,, X, o) = r(va. Xy ) 56./

By virtue of cqu. 54 (straight relationship of U and X ) maximum reactarcc
is coupled with maximum secondavy voltage and by equ, )5 the smallest reactance
determines the maximun secondary currert, From equations 54 and 5% a change
in Xc to Xé at constant active or apparcnt power and with unaltered impedance

angle:{ will briag atout the following conditions:

R %) AN A
U X, and 1 X! 57./

Further to the power, voltapge, reactance and current relationships in arec

furnaces ‘he reactance from equ., 954 is oblained as

V2 sin 2¢
Xe = ~" 2P 58,/
and from equ. 55. X = ELE&E%f_ 59./
c 31

For an {llustrative example of arc furnace opecration let the conditions be
similar again to thouc of the refecrence slag resistance heated furnaces, i.e,
maximum voltage on the trwnsformor secondary V = })O, current 1 = 18 kA,
then P = U,1, \r; = (350216x10 )\15 « 10,9 Mid. 3 I - 3 x (3,24)(108) -

= 9 72x1(>8 from which Xo = 11,2 mohm. Now using equ, 59 with tan ¢ = 0 to

’

45 the value of X will be given, With transformer taps of 5, 9, and 17,

V_ will be res pnctiVDly 202 V, 163 V and 98 V, and from P = vo/x the power
o

can be caleulated, Figure 111-78 shows the rclationship betwecn the various

electrical paramrters for three different voltages, The graph clearly

indicates the trends represented by eque 57, that {s maximum recactance is

associaled with maximum secondary voltage and with the decrease of the

reactance the secondary current increases conniderably,

More detailed digcusnion on the rcactance problem concerning are

* 3 hrA R N 088 g
furnaces 1ike the mode and the extent of ecorrcctlive meagsures necessary Lo

reduce the reactance e.g. with the application of reactors would be out of

the scope of this study.
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SECTION 1V,

I, ON SOMIy ASPIC s OF e MLGW OF HEAT IN Tik BLisCTRIC PURKACK,

Thermal conditions in an electric furnace are extremely complex 0
that a quantitative treatment of the system is not ponsible except with a
great number of simplifying assumptionz, "This fuct alone might considerably
limit the usefulnese of the results, “The methods applied have to be
necessarily coumplicated becaun~e of the need to treat complex Loundary cone
ditiona, A further difficully is encountered in the proper sclection of
thesc¢ conditions in a system which is never in a true steady stsce. The
changes involved in its operation are very substantial and might come about
within short iime intervals,

In addition, model tesrts are also difficult io design so that they
would yield meaningful and representative results which could be used for

simulation and scalc-up purpoces,

In the following survey it will be attempted to investigate certain
aspects of the flow of heat that may prevail in various areas of the molten
slag bed in rectancular sutmerg=d electrode resistance heatud furnaces
having 6 electrodes-ineline arrangcment, because of the intermittent
character of the matte tapping #nd, as a consequerce, a more uniform tem-
perature distribution in the molten matte the investigations will be ree
gtricted to the slag bed only and carried out with the main purpose to
facilitate the selection or deeign of proper furnace geometry. In this
instance, for example, the mode of heat distribution around the electrode
in vertical direction through the slag layer determines the melting area,
i.e. the depth of the molten slag bed while the horizontal heat distribution
defines the working arca, thereby also th: spacing of the electrode and the

width of the furnace,

The two main simplifying ascunptione involved in the analysis are:
a./ steady state in which the heat is transferred primarily; by conduction
in a rigid, rather than a deformable medium., The serious limitations
of this assumplion arc fully appreciated since obviously, the diffusion of
heat in a rigid mcdiuwn differs (rom that in a dceformable medium, as the latter
includes the diffusion of momentum, Thus form the viewpoint of solution,
the technique applicable to a deformable body should involve non=linear
equations which govern the diftusion of momentum as compared with the
application of the much simpler linear equations involved in a rigid medium

on which the present analyais iu based,

b./ leat transfer/..,
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b./ Heat transfer occurs equally in all directions, x, y, «nd z in the
systems (complete isotropy).

Two main arcas in the molten slag will be inuvestigated:

1./ 1n vertical direction between the top of the molten bted and the level
of the eclectrode tip, then betveen the level of the clectrode tip ard
the slag-matte interface,

2./ In horizontal dircction from the electrode to the furnace wall,
rerrcsenting the active, or working arca of the electrode in this

direction.

1./ Flow of heat in vertical direction in the molten bed of slag.

Temporature profile between a./ the top of the slag bed and the level
of the electrode tip and b./ level of electrode tip and slag-matte
interface obtained by applying the thermal conductivity ol two-phase

mixtures,

Practical temperature méasurements carried oui on the slag bath ol
a working unit indicated the existence of an extensive layer in vertical
direttion in which the temperature variations were rather limited (%2.)
On approuching the boundary, i.e. the top of the melt below the solid crust
of burden, the temperature then starts decreasing very rapidly.

The temperature grndien® in vertical direction is characterised by
tlic combined heat flux of the molten slag bath and the matte prills cescending
throu, * the media. The top of the melt in close vicinity to the solid crust

e

of burden is already in the molten state though as an inhomogeneous mixture
of high viscosity. By the hcat flow model applied to this problem the top
of the molten slag layer above the solidif.ed crust of slag is insulated by
the s0lid burden *hrough which the conduction of . :at is not being considered
in this study. Thus we have two fixed boundary temperatures, viz. on the top
of the slag just below the crust which, from simulated laboratory tests
carried oit i1 connnctior with liquidus temperature determinations in the
precent work, wasmeasured as I?BOOC, and at the level of thc electrode tip
approximately 1450-146000.

The moiten slag layer with the settling matte particles in it can
be regarded as a two-phase mixture, the thermal conductivity of which is

given by the Maxwell-Fucken equation, Lgt the thermal conductivities be

denoted as followa!

kmix = two-phane mixture
kg - condensed phase (Blag)
ky = dispersed phase (matte)
and Vd = volume fraction of disjersed phase

then by the/...



then by the mentioned rquation
[~ -
1~ (k k)

(Lo (§—k 7kb 11 )
kpix = kc T . (k /“ j 1./
- Vd("""7'"“'""‘)

e

-

On applying the special conditicons obtaining in the reference furnaces with
regard to the thermal comductivities and flow volumes of slag and matte
respectively: (subscripts ¢ = condenced phase, d = disparscd(matte) phase).

20, -1 .
kc = 4,9 kcal/hr.m”, Cm~ " (3%); ar approximate value extrapolated for
the present quinnary system

Co(c) "~ 300 cal/kg at 1100°C (4)4 each furthes 20°C rise in temperature
corresponds to 10 cal. increacey then
at an average slag temperature of
1400°C Cp(c) = 450 cal,kg

i, =217 g/cm’ at 1400°C
k', =k /%c ) = 4 9/ JTTX0,45) = 3,92 mhrt

= 49,0 kcal/hx.m (,m $ approximate value in which the termal
conductivity of matte was regarded as
being very similar to that of the metal
(vy analogy of electrical conductivity)

d

c = 217 cal/kg at 1200°%¢ {4)1 each further 20 C rise in temperature
p(d) . ‘
corresponds to about 5 cal increase
of the cp value,

Yy = 58 g/cn’ at 1400°C

2. =
y . kd/ydcp(d) « 49,0/(0,247x3,8) = 52 m hr 1
Total weight of slag produced 21 tons/hr
+ converter return 4 "
Furnace matte produced 4:5 "
Volume of slag 252,77 8,95 m
volume of matte 4,5/3,8 1,18y m}
Vd = 1,185/8,99 = 0,133
and 49)
1+ 0 135( /A0 ) s lﬂ 1,008

knix = 49T -§4,Q¢gg = 49 5,892
l - OO 55( /
(4,9/49)+1

k = 6,0 kcal/hr.mz. ¢/m

mix
let us consider now the conduction of hecat as boing analogous to that in a
comi-infinite solid with initial temperature to and the surface kept at a
~onstant d)t. (%), If the boundary at x=0 is kept at a constant temperature

then in the direction of tirmperature decrease

At =t (1 - erf——2=—) = t erf ¢ —_—_ 2,/
2k (@ 2k, ® .

and in the/...
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ard in the direction of temperature lncrease

.X
At = to(l + orf FT-"- ) 3./
?\h . O
mix

'
here . = thermal diffucivity of the mixe: phase and Ga time. low to

He

caiculate ..
iCn t '\m;x K| ) kmix
oL e R .
mix dmix p{mix) 4./
Yoo o L8990 (1,08x8,00] /16,95:1,04) = 3,0 g/’
ang et SR . . :
Coimix) " [(asvxonyezoixyi], /30 = 408 eal/ke
[ - () - . -
therefore e N T 4,9 m’ hr !

mix  3,0x0,4C8

The level of the olectrode tip may be regarded as a planc of heat separation
in the slag ted between two temperature regions, tne upper ore as discussed
previously, extending upward to the £olid turden = slag interface, while the
lower orne reaching downwird to the slag-matte ir.terface. 7The conditione are
gshown in graph 1l.) and may be expresaed as follows:
in region 1. (upper region) 0 < x1'< L
t t t
o< 'y <l
in region 2. (lower region) L > x2'> 0
tOt Y

furthermore, with normalized conditions

region 1, ot x = 0O, e = 0, tx = to
- 6 = ) ]

x 0,5 © 0,5 tx tB

region <. X =1 =1 e = 1,0 tx -t

x = 0 e = O tx = t1

Ther, tre vertical profile in voth regions between temperature faces to and ti

can be ectinmated, Cay at (6,x) = 0,5 equation . will yield

AL
At = 1280(leerf ,9?_(_;___..-,4) - 117°%
2y 4,9x0,05
Hed L= oAt = 12800117 - 1397°¢C

x

Tre values cntizated in thio way are indicated by circlas in graph 2.), while
the experinertally meagured data (1,7) are denoted by crosses. There appears
a renmonisnie ereenent botween the meacured valacs and those predicted by the
forepainy cersiderations on heat conduction, This js especially noteworthy
in the trend of the vertical temperature rradient acrosg the slag btath, A
comparable teuperalure gradient was found by Mitchell and Joshi (6) from
experimental temperature measurement across the slag bath of the FOR (#lectro

Slag Kemelting) procens.

1.1/ sigmificance of/, ..

|
|
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B

and in the direction of temperature inecrecase

At = to(l + erf*—%é:::) 3'/
2kaixg
here 7~;ux = thermal diffusivity of the mixed phase and 6= time. MNow 1o
calculate K;nix . u.._k.“ﬂ_’_‘._.---
mix Kmixcp(mix) 4./
Kmix = L(0,95x?,8)e(1,84x5,£sj]/(8.95.1,&4) - 3,0 g/cm3

d . N
an ¢p(mix) " [(a59x25) (267x1)] /32 = 408 cal/ke

' 6,0

5 -1
mix — 3,0x0,408 4,9 m hr

therefore K

The level of the electrode tip may be regarded ac a plane of heat separation
in the slag bed between two temperature rcgions, the upper one as discussed
previourly, extending upward to the solid burden - slag interface, while the
lower one recaching downwsrd to the slag-matte interface. The conditione are
ghown in graph 1.) and may ve expressed as fcl ows:
in region 1. (upper region) 0 < x1'< L
t
to<tx <lg
in regior 2. (lower region) L > x2'> 0
tg)tx > ti

furthermore, with normaliz«d conditions

region 1, at x = 0, o = 0, tx - to
= { & = =

region 2. x =1 = L e = 1,0 tx = t8

x = 0 @ = O tx = ti

Then the vertical profile in Vvoth regions between temperature faces to and ti

can be estimated. Cay at (0,x) = 0,5 equation o will yield

At = 1280(1leerf 0!.92__.__ = 117°C

2\/4,9%0,05

and b, o= tgeAt = 1260017 - 1397°C
The values estimated in this way are irdicated by circlas in graph 2.), while
the experimentally meaagured data (1,2) are denoted by crosses. There appears
a reasonable agreement between the measured valucs and those predicted by the
forepoing considerations on heat conduction, This is especially noteworthy
in the trend of the verticil temperature gradient across the slag bath, A
comparable temperature gradient was found by Mitchell and Joshi (6) from

TR

experimential Ltemperature measurement across the slag bath of the KUK (Biectro
Slag Remcliing) procecs,

1.1/ Significance of/, ..

|
|
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1,1, Oignificance of the vertical temperature profile.

The vertical temperature profile reflects the depth of the molten
slag bath and, also, the tapping temperature of the matte. The profile
ghown in figure 2,) relates to average operating condilions of the reference

furnaces having electrodes of 1,7%m dia. immersed at 45 - 50 cm intc the

this being a function of slag resistivity and also of the rate of power input,

has a strong influence on the vertical temperature gradient.

With regard to the effect of electrode movement let us consider the
case when, due to a sudden change in slag resistivity in the clore vicirity
of the electrode, for example by collapse of crust in the upper layer or in=-
creaced fced rate of burden, will make the electrode to occupy a new position.
If the effect is such that the elecirode has to move upward, then the keeping
of the furnace load uncharged (power input’ will resu'* in an increased heat
dissipation in the upper region of the mel because of ti 2 upward shift of
the hypothetical plane of temperature separation al the level of the electrode
tip. On the basis of the model of the shape of current flow under the
electrodes this would mean, as hac been discussed earlier, a decreaege in heat
generation per unit volume of slag in the path of the current. Though the
hot spot will now be clorer to the top of the slag bath, the position of the
cold face boundary would remain by ard large the same. In fact the rate of
upward heat dissipation, as calculations indicated, may even decrease mainly
because of the cooling down of the slag in the region below the level of the
electrode tip, Furthermore, the temperature of the slag~..atte interface
would considerably deciease even to the extent of slag crystallisation on
the surface of the matte laycr and would result in a cold matte tap.

Naturally the opposite trend may cet in if the depth of electrode
penetration increised, In this care the increossed heat generation per unit
volume of melt in the path of the curroent will increase the interface teme
perature and, in the meantime, although the high temperature zone of the
electrode tip moved now away from the cold face, will facilitate heat
dissipation toward the upper region of the slag bath. With decreasing rates
of power irput these effeclo Lecome more noticeable.

The conditions obtajning at three different depths of electirode

penetration arc shown in figure 3.).

2,/ Flow of heat in horizontal direction in the molten bed of slags

entimation of radinl heat distritution around an ~lectirode,

.... ———

The knowledge of the extent of this zone is important in that it

determines the/. .,

|
)

o
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determinec the spacing of the eleetrodcu and thereby the gencral furnace
geometry, =~ In order to simplify the analysis, in a similar way to the

foregoing, steady state conditions with a minimum of turbulence in the slag
bath will be assunecd,

In a working unit the hotteust spot in thc slag is located just
under the electrod tip confined to a rclatively narrow layer. Iue to
obvious difficulties in measuring techniques, the exact temperature and
the extent of this layer is not known. For the purpose of the present
analysis, as a conservative estimate based on measurements carried out close
to the periphery of the electrode tip, a temperature of lSOOOC will be
assigned to this slag layer regarded here asc a disc in continuation or
extension to the electrode.

It has been discussed previously that practical temperature
measurements conducted on operating furnaces indicated a region extending

upwards from the level of the electrode tip in the molten slag, in which

the temperature gradient is relatively small (25 - 40 C) Based on this
finding the system can be visualised as the heat being distributed in a

thick plate from a cylindrical heat source embedded into this plate.

Since we are interested here only in the radial flow of heat, the temperature
drop along the lower surface of the plate will be investigated. Figures IV-4
and IV-5 give a general outline of the model, As will be seen in graph IV-5
heat is flowing out from the high temperature zone radially with r re -
presenting the radius of the disc and dr the increment distance from the
surface of the hot area expressed in terms of radius of a circle concentric
to the dicc., The differential heat balance on an anular surface element
with the rate of heat output q at radius r is given by

qQq = kJ?I‘n :T 50/

at r + dr the rate of heat output is

ar | _d 4t
q+tdq = -k¢£2rt13; 4 E;(-k:ertrdr)dr + h(T—Ta)2rr1dr 6./

Our analysis i« restricted to close to steady state in which the
acounmulation is zero, Thus at constant thermal conductivity, k, and slag
thickness of relatively constant tempnrature,cf. equation 6 transforms

into the following expression (derivation see in Appendix I) 1

4 14T _ (T - Ta) -0 1./

..—-

de T dr

Now, if (T - T =y and h/kd =6, equetion 7. becomes




P - I‘ [3 O 8 *
o = y /

which is a form of thc familiar modified Bessel function., The function in
the form
zw" + W' - 2zw = O 9./

has the gener.l solution w = AT (x) +BK (x) 10./

In a more general form equ., 9 can be written ac

”)
gw" + W' =mzw e O 11,/

having the general solution W o= AIo(mx) + BKo(mx) 12,/
The solution of equ, 12 by standard texts (7) is given as

y = clxo(r\f&) + czxo(r\’&) 13./

It is possible to eliminate the first term from equ., 1} since it increases
with positive values of r (that is 1, increases with increasing variable),
while the temperature should decrcase assymptotically with increasing
distance from the hot zone. Thus the result will be

T-T, = CQKO(r\/S') 14./

Now in the exprcssioa of h/kd let
J & thickness of the slag layer at relatively uniform temperature = 0,4n
k s average thermal conductivity of slag & 4,9 xcal/m hr. qu
h : surface coefficient of heat transfer, in this context an empirical
constant the value of which may vary between 0,9 and 1,1.

With these datas will be calculated

6 =i - O
e diamster of the disc-like hot zone under thre electrode can be regarded
as being identical with that of the clectrode, then r = 0,625 m, (D =1,25m),

For the purpose of the present calculations 02 in equ. 14 wzll be
defined by AT u.u a constant tenperature difference between the two boundary
temparatures, viz, an assumed maximum under the electrode close to, or at
the periphery of the electrode tip T', and the lower boundary about 25- 50 C
belcw the liquidus temperature of the slag, T, at which the average plant
slag exhibits already a high viscosity for practioal flow considerations,
beyond which, howev.Tr, it becomes rapidly tod viscous and no slag flow would
ocour. From laboratory meapurements carried out on plant slags this condition
appeared to set in at an average temperature of 1300 C.

The usc of two different values for the boundary temperature of the
cold face on top of the molten slag, viz. 1280°C for the estimation of the
vertical temperature gradient and 1300° for the horizontal one was made in

accord with/,..
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Table IV - 1. Calculation of radial temperature distribution with
the outlined hrat flow model using the Be:sel function

method.
dr x K (x) T K (x) Tt4T
(o] [« a
(meter) (%) (1)%
0,625 - 1,00 200 1500
1,0 0,72 0,64 128 1428
1,5 1,08 0,40 80 1360
2,0 1,44 0,27 24 1354
2,5 1,80 0,16 33 1333
3,0 2,06 0,10 20 1320

35 2,52 0,06 6 1306
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accord with the different purposes the calculations are envicaged to serve.
In the former case the point of slag solidification was chosen for physical
boundary condition, whereas in the latter case the aim was to set the
boundary according to the reaction zone of the clectrode. This involves the
viscosity parameter that is the flow of slag, since the rcaction zone will
be defined as an area of active mixing surrounding an electrodc. Thus the
ochoice for l}OOOC reflects the results of viscosity measurements supported
by reasons mentioned atuve,

In support of the selection of these temperature limite one has
to recall further the results of electrical conductivity measurements
obtained with an average plant slag as shown in graph II=16 of Section Il.
A sharp rise in the resistivity can be noticed at 1480 > in the graph
indicating the start of complete solidification, Obviously, the heating
action of the electrode extends beyond this 1limit, but the main consern of
these investigations is the distribution of heat in the liquid phase of the
system, i.e. in the molten slag, therefore the conduction of heat Zn the
solid phase was excluded from the study.

1500°c appears to be the lowest limit for any flow considerations
wvith the slags produced in the plant and for practical purposes a temperature
probadbly abdbout 10°C avove this could be regarded as an acceptable value,

On taking 1500°C for T', the temperature gradient will be given by

T e T +AT l’.o(r‘f't—’) 16./
that is T = T, +AT Ko(x) 17./
and Ty~ TKi(x) 18./

T' giving the temperature ai a distance x from the surface of the electrode,
'l‘hen vith r =0 ,625my 5= V0,515 = 0,725 T = 1500-1300 = 200°C and by taking
varicus values (expreesed in meters) along the distance between the electrode

surface and the furnace wall, the expression x = r{O 515 will be obtained.
The corresponding values of K (x) are taken from tables for modified §eaae1

functions of zaro order and zero kind (8) or read from graph IV=6 a&rawn
after the values given in reference 8., then the data compiled in Table IVel

will result,

3,/ Viscosity and electrical conductivity profiles in the slag layer based

on measured viscosity ard conductivity data and estimated temperature

profiles,

With the estimated vertical and horizontal temperature profiles and
ithe measured values of electrical conductivities and viscosities at various
temperatures, the conductivity and viscosity profiles in the slag bed can be

determined/,..,
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iv= 7, VERTICAL GRAD!1ENT OF VISQOSITY AND SPECIFIC RESISTIVITY IN THE

SLAG DED BETWEEN THE LEVEL OF THE CLECTRODE TIP AND THE MOLTEN
SLAG LAYER,

1s Specific resistivity
2, viscosity
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Fig. tv- 8. HORIZONTAL GRADIENT OF VISCOSITY AND SPECIFIC RESISTIVITY IN THE SLAG BED
BETWEEN THE ELECTRODE SURFACE AND THE FURNACE WALL,
1. Specific resistivity
2, Viscosity
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HORIZONTAL VIS :
ISCOSITY CONTOURES AROUND A PAIR OF ELECIRODES IN PHASE,
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determined, Again, the basic ascumption i: that the heat transfer from the

electrode occirs in a steudy state and the flow of neat is effected primarily
by conduction through ihe melt,

301./ Vertical viscositx_and and conductivity profiles in the slag bvath.

Figure IV-7 conatructed on the basin of graphs 111-8 and iV-2 re -
presents the vertical conductivily and viscosity profiles obtaining wit: an
average slag composition in the working furnace, As will be apparent, the
values of both slag proporties start inercasing rapidly as a distance of
about 10 em from tne semi-rluid, viscous boundary layer is reached, If the
thickness of the burden were unifori: above tle molten slag securing thereby
a uniform hecat insulation to the bath, then hy the indication of the graph
in about 7 to 10 per cont of the total bed volume the settling of the matte
would be very l.mited.

A probuvle temperature gradient between the level of the clectrode
tip and matte surface was given in graph IV-2, Unfortunately, the exact
temperature of the slag-mitte interface is hard to establich but, as it was
mentioned before, it cannot be much lower than the average liquidus, Due to
the cubstantial ‘emp-rature differcnce be‘ween the level of the electrode
tip and the interface ard, the ensuirg increase in slag viscosity,; the
settling velozity of the matte particles will conaiderably decrease, There-
fore tre approach of assigning constant settling velocities to,particles of
a given size acrosc tre entire depth of the slag bed will not reflect actual

settling conditions,

5«20/ Horizontal conductivity and viscosity profiles,

These were estimated with the aid of graph 111-8 and Table 1V-l,

The results are pregcered in figure 1V-8, which indicates the gradients of

the two two slag properties between the el ectrode surface a1 the furnace
wall. Along the entire width of the furnace the viscosity appcars to
follow a parabolic distribution.

The distribution of conductivity and viscoslty concentric .o the
electrode (based ugain on the values of graph 111-8) is shown in figurcs

IV-9 and 1V~10 assuming idealised conditions, i.e., very limited slag

movement beyond the laminar flow and identical position of the elsctrodes,

that is depth of immersion into t

effects created by buoyancy force
action might mcdify the pi “tern of distribution outlined in the figuree,

the extent of these forces is going to be inventigated in a subsequent
paragraph/, .,

he molten alag, Obviously, disruptive
g and amplified further by electromagnetic




Figure 1V~ %1l CHANGE OF VOLUMETRIC ENERGY DENSITY IN THE SLAG BATH OF A FURNACE
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paragraph, HNevertheless tl.¢ tendrncy is that with the incroase of

temperature the gradients of both viscosity and crnductivity will hecome
gtesteeper around the electrode and will give rice to increased buoyuncy aoffectc.
FrcFrem the point of view of the settling of matte particles this means that the
strongly decreased sleg viscosities would promote settling ard would ternd to
create pockels favourable for the scttling of prills around the surface of
the electrodes, On the othar hand the counteracting tuoysney ferces wild
tend to prevent the formation of such pockets and disperse the particles
into farther reglons of the slag bath rendering thereby the pattern of

of settling much less, if at all, predlictable.

3,3/ HKeat flow and energy distribution.

In the previouns section the cnergy distritution ir the slag baih as
a function of <he geometric shape of current flow and the position “depth of
immersion) of the electrode in the melt has been investigated. xtending
this further to the effect of the flow of heat, the outlined mode of heat
dfatribution would sugg2st increasing power densities with the decrcase cf
the distance from the electrode surface. To sone degree this has besn dealt
with in the mentioncd theoretical considerations of Sibakin and Kigloeth and
confirr *. by the practical work of Rabey. The findings of Russiar. rasearchers
(9, 10}, especially those of Denisov et al. pertinent to the variation of
current distoibution in working unite eeem tc substantiate further the
outlined trend. The energy distribution (Pv) per unit volume of slag was

expressed as AV
Py = &7 19.)

where Ai is the specific current densily A/cm2, Pv the volumetric energy
density kw/m} melt, OV the the potential difference at a given point in the
bath and 1 the distance in metars frcm the lateral surface of the electrode,
The variation of the volunetric energy density with 1 at various depths of
elactrode immersion based on ref.9. .8 shown in graph IV-1l,). In comparing
the trende of the plots with graph IV-8,) it has to be retaembered that the
latter indicates the variation of resistivity with the distance whereas the

volumetric energy deasity varics roughly as the equare of the current,

In the ccntext of thia atudy the approach of describing the change
of volunztri: energy der.eily may be aimilar to tnat applied to the
distribution of heat in radial direction by the methcd of Bessel functione,
The problem is fully analogous aince, disregarding heat losses caused by

radiation from the furnace walle, the temperature gradient may represcnt as

a firgt approximation the energy gradient as well in the samc directior,

Thus in the sense/...
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Thus in the sencce of equations 16, 17 and 18 we can write

Pe = Tya) Al’v){o(r\,-r?;') 20./

that is P = P , .
v }V(a) + A]VKO(X) le/
and Pv(x) = ZXPVKO(X) 22./

) Y 2] N 1
Here Alv stands for the volumatric encrgy difference between the clectrode
surface aud the lowest energy facs at the perimeter of the active area (or

reaction zone) of the electrode.

4,/ Pro-dimeneional neat fow model,

Temperature distritution in t'e cross section of the rectargular

furnace: Ritz and Kantorovich profiles,.

As a supplement to the furegoing considerations pertinent to linear
heat flow in one direction, either in the x or y plane of the coordinate
system, the possibility of exteading the simple one-dimensional heat f.ow
ocorcept into & two-dimensional model will be diascussed in the following.

In the analysis the electric furnace is regarded ag a rectangular duct or
unit length with constant enargy gereration in the ¢lag, The cross sectional
area is in the vertical plane cutting shrough the centre line of an elestrode.
Figure 1V-1Za gives the vasic outline ¢f the twoedimensional heat flow model,
'his "lumpza system” can be regarded in terms of a Cifferential system as

shown in figure ]JV-12b, ), On applying the first law of thermodynamics to the
differential systen

- —— an— = 0 2 ®
3x 4 5y + U 3 /

where U stands for constant energy gencration. Ly Fourier's law for iso-

tropic media L T
- = k0 2 *
I © ox ! dy oy 4/

Substitutire these Lato equation 23 and noting that k is a constant we

ottain 2 12 U
.é—-%: 4 £ > 4 '}'(' = 0 25 l/
ox Ay

Arpaci (11) integrated equ. 29 over *he cross gection of the rectangular

duct as L1 ) 3
S\(__é_z s 22 Y axay =0 26./
2 2 k
oo OX oy

and obtained after a lengthy and complicated maripulation the desired

temperature diztribution in the form of the firet ordes Ritz profile:

P U
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T(x,y) - T, s [1 - (x/L)%]{l - (y/L)?]

2 T ; 27,
U1%/k " 14 (1/1)° 1/

The first order polynomial Kantorcvich prorile for the temperature

distridbution in the eystem under investigation can be likewise writtcn as

T(x, -
(x y) . Teo - ‘5[1 - (%)2][1 - Coth(f}-/l\,x-] 28,7
U 1%/k cosh(wfb_/l)y,l

Atan assumed ,C em depth of electrcde immersion (a Dq/2,5) approximately
equivalent t» taat in the reference furnaces in oper;tion) and a total 130
om dept of slag bed the results of calculatisns showing the vertical thermal
pr.file based on both the Ritz and Xantorovich formulae is depicted in
fioure IV-13, 7he two-dimensional temperzture distribution in the half -
width of the furnace, bascd on the tirst order Ritz profile equation

(equ. 27) is indicated in figure IV-14.). For the calculation in the
direction o7 L (horizontal profile x) and 1 (vertical profile y) the con-
ditions for the half-width of the furnace are given as (vhen L, = O at the
face of the elecirode)!

x (m) 0,35 90,7 1,4 2,1 2,8 215

y (m) 0,05 0,1 0,2 0,53 0,4 0,45 y x
i L
— -

here 1 in vertical dircction representing the dietance between the top cold
face of the slag bath and the plare of temperature separation at the level
of the electrcde tip, when the depth of immersion is 0,5 m., Thus actually

1 = p by earlier notatlion.
The squares drawn with solid lires in graph IV-14 represent the

boundaries determined with the aid of equ.27 from the L-x and l-y re =
lationships with x and y as chogen lengths within the horizental L and
vertical 1 dimenzions of the furnace. Dotted lines beyord the boundaries

of the squares indicete approximate tempcrature boundaries when the true

parabolic profiles become distorted in a deformable medium by thoe movement

of the slag as a result of buoyancy forces and electromagnetic effects.

The plots are based on tomperature readings obtained in operating units

at a given distance from the electrode at various elevations in the slag

bed (1,2).

Apparently there
adients estimated by the two methods and those obtained with

{s a noticeable difference between the vertical

temperature gr
formulas relating to simple linear,

Numerically the estimated average slag b
profile would be about 15%¢ below that found by the liaear heat {lov model.

one-~dimensional heat flow models.

emperature by the two=dimensional

Results of/...




latter ones in rclation to the particular problem investigated.

5,{ The extenl and charucter of disrupting effects acting upon the
suggested tempevaturoe profile,

Becausc in a later section of this study the tempereture profiles
aro intended to be used for furnace dimensioning and also as scale -up
factors in furnace desigm, it is impdrtant to know tie character and extent
o effects which may te instrumental in modifying the outlined patterns of
thermal distribution in the slag layer, The hydcodynamic motion of the
vath is influenced by various factors from which the two most important
cnes, viz, the huoyancy forces caused by temperature and specifioc gravity
differences in various parts of the bath, and the electromagnetic effects

will be discussed in this paragraph.

5../ Estimation of natural convective curren:s with the use of

dimensionless numters,

The differsrnca in temperature between the top and the tottom of
the molten slag layer and, also, the horizontal eznd vertical temperature
gradients create buoyancy forces leading to natural ccnvection currents in
the bath., This can be expressed by the Grashof aumber (NGr) which is the
dimensionless expression of the buoyan:y, inertia, and viscous forces:

g1 ¢ DTw ..

— = ¢ i LE(TC - Tw)d 29./

N -
‘Gr Vl2 ¢ n
where the subscripts denote conditions at the centre and at the walls of

the furnace, andot is the expansion coefficient, in case of liquids

expressad as

P oA -_.A_.V:LA-! 50./
! 3

v deroting average specific volume kg/m5 or g/cms; § = density, g/em’

L = characteristic length, ucuolly unit length in meter i 8, * gravity

due to acceleration and? = vigconity. In the scope of a more detailed

discusnsion in the next section it will )
nition was found as & = 3,2x10 ° causing an

ba shown that the value ofx for

the average plunt.slug fOmEo
expansion of 14,1 per cent wnen the tewmpeT

20°C to an average of 1400°C. For calculati
difforence between electrode tip and the gurface of the molten slag layer

o °
gt111 in a fluid but highly viscous state will ge 1500-1300°C = 200 g.
Purther data to be used aret ¥;300° * 2,80 g/em”y f1500° " 2,72 g/en”,

aturc of tne slag increased from

on purposes the temperature

| BN % S et (et o Pt



", = 15poiseq = 2,4 P 1 C oq(,y= O4F keal/kgi Cogy(q)™ 044 keal/ke.
Then for a characteristic length of 1 mwater uGr is written ag
2 2 '
Kc:Tc KWTW

Nep = gCL3( - ) = 9,8Llxlx(

e " 2,42° 15

Nop = 61 (10%poise = 1Nm)

The other important dimensicnless number correlating viscosity, specific

gravity and heat transfer coefficient is the Prandtl number

N - N P molecular diffmsivity of momentun 31 /
k molecular diffusivity of neat ’

for a characteristic distance of 1 meter and with Cp expressed &8 cal/kg
mole when the mole weight of th2 average plant slag is calculated as 57,7

- nal/
and Co(1500°) 0,4 kcal/kgs Coq300%)" 0,3 kecal/kg, then in the temperature

range of 13C0 to 1500°C we write

N _,[(ﬁw“m))'("ccp(c))]“w - Jast0,3-(2 o, L x51,3
459

Pr
kal
2

NPr = 7,6x10

Jacodb (12) using the Grashof and Prandil numbers as velocity components of

natural corvection, defined laminar and turbulent flow regions as

3 3
laminar 2x107 £ NGr'NPr < 150x10
3 7
gurbulent 300x107 < NGr°N?r < 3x10
From the data atove NopeNpp = 61 x (7,6x10%) = 4,6x16°

Thue the estimated value of the product of the two characteristic numbers

would indizate natural convecition with avg. leminar {low conditions with

the type of slag produced in the electric furnaces inveotigated and

operating conditions applied. In practice the ectual distance between walls

and furnace centre (say 3 m)

length of 1m, accounting thus for both transverse and longitudinal currents

should be taken instead of the characteristic

which must be present tecause the sldcs of the bath are at the same temn -

perature limit ao the top. Fven underc there conditions the product would

be NPr'NGv - (1,23x105)(1,86x102) - 2,}x105, that is the system as a whole
just around the gtarting stage of turbulence,

Circumstances in practice, however, may differ considerably from

those predicted by dimensionless relationships. For example when, due to

disturbances in feeding and smelting rates, the molten slag surfuce instead

of being covered with burden became clearly visible, & rather noticeabtle
it could be recorded in the reference furnaces, At the matte

glag movemer
tapping end/.es

.y ® 2
2 0 18 -
2,727x1500 _ 2,8 x;} 0)03,2x10 4

"
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tapping end the molten clng appearced Lo move away radially from the electrode
gur’ace and the velocity of this movement was measured as 15 to 20 cu.sec -1

With this m-asured velocity value the Peclet number (N”p) can be determined
e .
and thereby the ratio beiveen couvective and corductive heat tre “fer

obtained: c ul

N - 2 . aeat trre.af, by corvection 32 /
Pe kq heat transf. by conduction *

Using again 3m for the distance between the high and low temperature faces

and expressing Cp in cal/kg mole, N e will be calculated as
N e £044-0,3)57,5x2,70 50,203,022
Pe 4,9 4,9

= 1,94

The computed value of N; would Indica<e that the amount of heat transferred
by convection is approxmmatoly {wice of that moved by conduction. The result
is somewhat conflicting to that obtained with the application of the Grasho.
and Prand+tl numbers,

Apparently there is some uncertainty involved in the use of di -
mensionless numvers with the purposz of characterising the conditione ¢
slag flcw and too great exactness oould not be expected from the resultc
obtained., Tne uncertainty is caused primarily by the very great difference
in the viscosities cf the flow mediz between the temperatiars limits of
intercst, that is by the inherent physical characteristics of the slag
systems.

0l Bath mixing duec to electromapnetic forces.

In a greatly gimplified agscssment of the complex nature of
electromagnetic forces in bath mixing, the following model suggested by
Gaiger and roirier (15) may be used to obair an approximative estimate
on the stirring action of the eloctrodes, For this purpose let us imagine
that a flat steel plate i3 ins corted intc the slag between the electrode ani

the matte surface, i.e. under the rlectrode in the path of the current, The

fluid motion excrts a drag force on botl. sides cC the plate of steel the

masi tude of which is glven as

R, - 2 c(iv)(hgus,) = rx.v(( 7 Moo (s1)) 33,/

Here L= characteriztic length in metery V the volume of flow media in-

volvad; y ite der:sitys Nﬁe(sl) Reynolds nur-er of elag flow, the velocity

o" which u , in expressed &s
" T'—nNz 34./
Vg " ¥ Ke(sl) As
f is the friction factor or drag coefficient
T
k
£ == 35/

A.ek
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with A = characteristic arveay A=uV, and the characteristic kinetic energy

e, expressed
x °XP Y

|y 2
°k ~ bba{‘.l }6‘/
The friction factor in liminar flow in terns of the heynolds rumber, for a
flat plate was expreesed ty Vennar (14) asm
t 20 ;-3 .
e 1,38 N 37./
The correspouniing relationchip bteiveen friction factor and NR is shown in
grarh IV-éS.) indicating that the luminar region ray exiend up to about
Nie = 10,

The velocity of slag is calculated vith the aid of equ. 34 by
taking variouu hRe values for the flow eystenm in the vicinity of the
electrcde and in tne patn of the current., Let a temperature of 14OC°C be
ohoser. for the illustration c¢f tne mcde cf calculation, N, = 103 and the

Re
characteristic langth 1 meter, then

" 3,4 3 -1 -1
L —EET th = Jx2,§ x107 = 1215 m,hr = = 0,337 cuv,BecC

To calculate now Fk from equ.33 &+ the value cf the friction factor at

NR -105 frew figaire IVeld is given aq f w»w 0,443 1in noting that V = lm3 -
1000 o’ (since g is given in kg/dm )
2
(A2 _ 3 3,42 32
F, = fLVpA 22 nRC(S]>) 0,044x1x(1x10” )x2,8 -~y 2 x (10 )
Ly x
8 -1 4

~1
= 1,83x10" kg.m.hr w 5,07x1C7 kg.mesec

- 2
Since 1 4P = 75 m.kge.seC 1 vnerefor:? Fk w 67,6 HP = 50,7 kW/m" surfice,
Calculated values in the range of NRe - 5x10‘ and 5x105 are compiled in
the tuble balow

W
NRe f u.q 1 F‘k N HP ) k
m.ser ~  kg.m.nec per m slag surface
per electrode
4
5x102 0,088 0,168  2,54x10 34 25,4
103 0,044 0,357 5,07x10] 68 51

Mention was made =zarlier of the movemeat of slag obscrved cn the surface of

the tath in radial direction from the clectrode, the velocity of which was
measured a3 0,15 to 0,2 m.pec 1. From the data of tha table in the range of

Reynolds numbery characteristic to laminar flow, the mechanical work or

electrical encrgy involvad in the sldg

the conditions of operation of the referende {urmac

2 .
energy may vary between 25 and 50 kW pec m glag surface per elecirode and

sovenent is rather substantial, Under

@3 the expended electrical

the mixing action apgociated with it is rather more sigrificant than could

be expected/,..




be attributcd to buoyarcy forces. 1t would therefore appear that the action

of the eleclrodcs marnifested in the form of e¢lectrcmagnetic forces is one of
the main factors responsible for the mixing of the slag bath ard therebty
also for the modification of the stcady state conditions assumed for the

various heat {low models.

5,3/ Main factors {n bath mixing.

From a practical furnace oreration point of view the part played by
both buoyancy and electromagmetic forces in modifying heat and material flow
patterns although significant, it may s+ill be regarded as comparatively
moderate to the role of further two factors: a./ fluctuatiorns in the flow
of feed material added to the furnace and b,/ converter return slag. A
sudden collapse of crust on top of the molten slag bath caucing large
amounts of solids to pour into the melt, or simply an abrupt increase in
the availability of feed material after the action of the choke feeder -
type charging system of rectangular furnaces are undoubtedly the most
irstrumental in altering slag resictivities, electrode positions and also
in controlling heat and material flow in the molten slag and matte.

To this intermittent or periodic acticn comes the effect of con -
verter return slag of similar intermittent nature. Large amounts of slag
are poured into the furnace in a relatively short time and the sudden change
in slag volure with the impact of the high velocity jet of the return slag
will also alter, even if in the form cf a brief step change, the flow
characteristics of the slag and matte and will certainly cause periodic
disturbances in the settling of matte. veper.ding on the angle of entry,
part of the slag Jjet jgsuing from the launder flows downward and enters
into the matte layer, In this instance the trief intermixing of ccnverter
slag and matte can be considered as beneficial in diminishing copper losses
due to the reducing action of the pulphides on the corverter slag, The main
effect however is manifested in that the jet cone which is not impeded by
the matte layer may travel a considerable distance in a short time. Themelis
and Spira (15) estimated that a portion of the converter slag jet of

initial velocity of 1lm per cecond may traverse onc half of the furnace length

(reverberatory furnaces) in about 3 minutes,

6.,/ Possibilities of refining the mode of estimation of heat flow in

the molten slag.,

Following the simplifying assumption applied in the previous

arguments that the flow of heat is effected primarily by conduction through

the slag, some consideration was given to the possible extension of the mode
of calculation in order to a
b./ make it/...

./ increase the accuracy of the ectimation and b./

e R M it it o i i e



Figure 1V - 16,
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b./ make il amenable to computer procesasing with the use of the available
computing teciuniques,

Such a more refined and well-known mrthod, though still a greatly
simplified one for the complex system under investigition, involves the
application of either finite differences or finite eluiontsy {16); that
ie 1./ subdivision of the regio: under irvestigation into a finite number

of small sections (nodal system) sec figure 1V-16,
2./ minimisation of a function over the space coordinate, say in a one

dimensioral transient problem a single integral of the form

L
1 = S F(x, 0, u, ux.uoﬁdx 38./
x+=0

The i{ntegrel is minimised at every point in time to obtain relationship
between the nodal temperatures and the time-derivatives leading to a
system of ordinary differential equations,

}./ simul tancous solution of the equations in matrix represerntation, the
input data to the computer consisting of nodal coordirnate information
pertaining to slag characteristics e.g. as /i,/xi/(e)/i.J/%:xCp/,
where (e) denotes the element.

The numerical application of this method in a more likely unsteady
state system of electric furnace glags did not bring about any improvement
or offered any advantage whatsoever above the simple methods discussed,
mainly because a./ the demarcation of the nodal points is fortuitious and

could represent actual positions only for extrcmely short time iritervals in

the melt cor.tinuously ir motion, b./ the computztional technique is time -

consuming and does not warrant on account of the uncertainties inherent in

the present instance in the structure of the nodal system, the expenses in-
volved in computer application.

The ESk (lectro Ulag Refining) system lends itself more readily to
the gamc of modelling than the considerably less stable operation of the
eleetric furnaces and, cor.cernirg the former onc, & number of excellent
studies appeared more recently in the literature on this topics. Since
the ultimate test of any m

behaviour of actual systems,
ns into the gsuggrsted, or even toward a more com =~

athematical model is its ability to predict the
{t is felt that any further effort of ex -

tending the calculatio
plicated line like for exampl

(Flectric Furnace Proceedings, 2
and as such, would only be u futile

e that sugrested by Maulvault and Elliot
8, 1970, 13-79) would serve no useful

purpose in the present context

theoretical exercise.

7./ Thermal stability of the slap bath

Finally, in conncction with the thermal characteristics of slags



used in the umelting of Copper~nickel concentrates a brief discussion of an

important paramcter in the control of the

thermal stability of the slag

smelting operation, i.e. the

bath will offer further insight into, and i
facilitate .he evaluation of the slags produced.,

m
I'he temperzture of the slag, in addition to the resistivity, is

governed by the current density across the slag bath., Therefore a non-
uniform distribution of current will result in hotter and cooler regions in
the slag. 1t is therefore of interest to have somdmode of estimation of
the protuble chanses in temperature with the change of current. For this
purpose letl us consider in accord with the sugegestion of Kazemensky and cne-
workers (17) a parallclepiped microvolume of the slag bath being embedded
into the flow lire of the electric current., At steady state conditions,
that is in the close vicinity of the geometric body, all the heat generated
by the current-rlow in a period of d¢ is equal to the hcat losses from the
micro-volume. Now suppose that the instantaneous current interngity changes
Ly AI. If the heat loss fror the micro-volume under steady state conditions
is >
Qocs 0,24 T hd® 39./
and the change of current will bring about a change in the temperature of
the micvo-volume o
@ = Q- Roes = O Cp(el)dt 40./
where Qmw {is the heat contained in the micro-tody and Cp(sl) is the specific

heat of slayg, then

0,24(1 + AI) k6 = 0,241%Rd0 = mcp(al)dto 41./
(o]
and 3t . 0,24 1(AI £ 21) mCR 42./
p(sl)

whireQ =tire, let d p be the avcrage diameter of the current path of finite
c
length &, ¢ = the specific resistivity in ohm.cm and Y the density of slag

in g/cm5, then since

K '?El—_ and m=1 dcpb" 43‘/
cp
therefore _g'gg _ _(2_,_(27451__ s AL(Ad + 2i) 44./
de ¥ p(sl)

here i = current density amp/cm2 at steady state conditiomns and Al is the

Now with the conditions ottaining in the reference

changed current density.
= 0,35 kgeal/kg at

furnaces with ¥~ <8 C/ij' = 4,2-4,7 ohm.cm, CPksl)

- o_‘ ‘
t = 14007C %% ) O'Zﬂ'ﬁmxo ;7 - 1,100 (A1 + 2i)
o ]

At the operating current of 18,5 ki, electrode diameter of 1,25m and in close

proximity to the electrode tip where the cross-sectional area of current path

can be/,..
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can be assumed to be cqual to thal of the electrode, i.e. 1,23 m2, the

current density in the path of clectrical conductinsn will be 18500/12500 =
. . 2

=i « 1,9 A/cm . On assuming a 9/ variation inoperating current that is

Al = 925 amp and 41 = 925/18500x1,9 = 7,5x10-?amp/cm2, then for dt?dO we

got

at’ 1 1
% - 1,10x0,075(0,075 + 2x1,5) = 2,6x10 %.sec”

This would indicate that fluc*tuations up to v in the current for a short
duration of teconds only, do not atfecct the prosess of smelting. These
changes could not be regarded as infrequent in practical operation of some
plants due to exc:csive fluctuations in supply voltage on the furnace trans-
former primaries, Even cycles lasting for { minute with 5% variations in
current, the change in slag temperature would not amouni to more than about
16°C which. in any case, would be absoruved by the large mass of slag.
Consequently, the physico-chemical characteristics appear to provide a good
thermal stability to the slag produced in the process of smelting copper-
nickel concentrates in the reference furnaces.

The thermal stability of the slag secures uniform snd balanced
operation to the furnace, therefore it is an important factor among the
control parareters of the unit. Thermal conditions within the furnace are
governed tasicilly by the properties of the slag, that is by its specific
resistivity, specific heat and density and all these, in turn, depend on
composition. Murther calculations indicated that an anticipated increase
of the Fe0 content to 28 per cent and of the Mg0 to about 22 per cent would
rot affect significantly the thermal stability of the slag.




Table 1V - 2,

Densiticvs of synthetic slags, plant slags and electric furnace matte

Slag Density at room Density at 1400°C
nunbes temperature extrapolated

¥ 20°¢-(0,141x ¥ 20°C)

Synthetic slags

1 3,124 2,684
2 3,141 2,698
5 3@245 29788
4 3,171 2,724
5 3,180 2,732
6 3,254 2,795
1 3,106 2,668
8 3,085 24650
9 3,073 2,640
10 3,342 2,871
11 3,068 2,635
1° 3,473 2,983
% 3,331 2,861
14 3,169 2,722
¥lant slags

3,15 - . 2,760

Matte

4,68 - 4,73 3,770
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I_l_a ON CH“TA]N AS"I':U]‘S ()E«‘ 'P';“." I,'LO'N O“‘ MA:]IHRIAL IN 'l‘”!'; EI!RCTR!SL I‘“‘JR“ACE

The knowledge of the flow characteristics of nlsz and matte in the

electric furnace is of great importance because the molten slag bed acts as

a./ a heating mediun for the matte and b./ as a carricr, that is the pettling

medium of the molter. matte droplets released from the concentrate. In this

way it plays a decisive role in the whole economy of thc furnace.

I'rom the previous discussion of heat distribution in the slag bed
it will be obvious that the pattern of material flow as a function of the
flow of heat iu rather complicated, In the following part of this section
certain aspocts of the movenent of the molten media will be considered in
conjunction with results obtained in laboratory investigations. The main
parameters affecting the correct dimensioning of the furnace, apart from
the distribution of heat, arc the settling rate and the size of the matte
particles. The function of thesc will be handled in the first part of this
pection regarding the flow of the carrying medium; in order to simplify the
problem, as truly laminar. In the second part the flow of the slag will be
discussed in the light of the heat and viscosity distribution in the molten
bed, as a continuation of the line of thought that has been followed in the
previous scetion. The discussion of the problem will be focussed only on
the movement of slag since the flow of matte, due to intermittent matte
tapping with considerable stagnancy and its periodic contribution to the
general flow pattern of the slag could not be regarded as tco gignificant.

13/ The seltling of matte particles through the slag.

The settling velocity of the molten matte particles was estimated

by Stokes' law expressed as 2 .
2r gc( Km Ksl) -
u - cm. sec 45./

m 97\

where r = radiuc of matte prills, e," acceleration due to gravity ang x’m
and ¥e1 = specific gravities of matte and slag respectively in g/cm”

" = viscouity of slag in poise. 'The settling velocity is thus higher the
greater the value of T and AY and the smaller the value of 1| . Obviously,
in the exprecssion r, as a quadratic term has the strongest influence.

To enable an estimate of the gettling velocities to be made, the
densities of both pynthetic and electric furnace slags as well as matte
pamples were determined using the conventional picnometric method. The
results are compiled in Table 1V-2, The actual densities obtaining at the
emperature of the furnace (taken as an average of 1400°C) were

estimated/ ...

operating t
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estimated from the basic values using data available in the literature
relating to measurements carried out on molten slags of similar composition,
or at least, of comparatle bchaviour, Unfortunately, data of there types

of investigations arc rather scarce and, pertinent to the quinnary cystem of
this study, simply non-existent, The best sources found were based on the
systems Ca0-1'e0-510,, (18), CaO-M?O}-SiOZ (19), A1205-1430-8102 (20),
then for comparison purposes certain binary and ternary silicates (21).

In the knowledge of the expansion cocfficient of the matcrial the density
can be calculated at any temperature between ambient and the temperature of

operation f om the corrcaponding expansion

1 ,90v

o« =y T 46./
thus the volume at temperature ill be
= i3 - iy
v, = Voll+dlt to)] | 4./
and the density 5 = Yo [1 +d(t = to)] 48./

Thr difference between the expansion coefficients calculated for the
various systems was very great varying between 0.53:10"4 and 11,5:(10“4 cm’/oc.
By careful interpolation of all literature data a value of o= },2x1034/°C
was found to represernt best the quinnary system under study from which the
expansion from 20°¢ to 1400°C in case of plant slags with their average
density of 3,20 g/cm5 at ambient will be

[14000 = ,20-(1400-2O)x3,2x104 = 2,70 g/cm’

that is about 14,1 per cent. Lime-silica melts containing iron oxide were
studied by Cchubert (22). His findings are partly reproduced for comparison
in figure 1V-17.) for FeO-FeQOB-CaD-Sio2 gystems. As will be seen from the
graph irn the range of iron oxide contained {n the quinnary system of this
study CaO-MgO-FcOx-Sioz-AIQOB, the sprcific gravity of slags varied between

2,8 and 3,0 g/cms at the temperature of concern to the present work.,

The specific gravity of matte as a function of coppe " content was
oxamined by Jonanncen and wiese (18)., Their values are extrapolated for
lower metallic contents and plotted in figure IV-18.), allowance being made
here for the difference in gpecific gravities of copper and nickel contained
in the electric furnace matte, with the total metallics taken as 28 per cent,
The specific gravity at room temperature was found to vary from 4,68 to 4,73
g/cm5 with an avcrage valuc of 4,70, From figure 1v-18.) at 28 per cent
metallics ot = 17 per cent and with extrapolation from 1200°C to 1400°C the

denslity of matte ¥ oo4io ” 571 g/cmB. Thus A { = (b’M _-[81)14000 = 1,00,

(at 125000 the specific gravity of matte would be 3,8% gfcc.). With the ald
of this value/...
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of this value the settling velocity of the matte particles was calculated

droplet diameters of 1 to 106 microns in the
viscopity range of 1 to 16 poise.

using Stokes' cquation for

The recults are given in figures IV-1)
and 19a.). From the graphs it will be appareni that a matte droplet of

1 mm diameter at a slag viscosity of 2 poise has a settling velocity of
approximately 0,2% cm.sec-l. whereas a particle of O;1 mm diameter will
settle only at a velocity of 0,002% cm.aec'l. On the other hand a 1 mm
dia. droplet at a slag viscosity of 1 poise settlen at 0,6 cm.sec“lvelocity
put at 8 poise the settling velocity is 0,C7 cm.sec-l.

By virtue of hydrodynamics the effect of the liquid upon a settling
particle is such that it tends to reduce the acceleration due to gravity by
a certain factor. A sphere falling under gravity will have forces acting
on it mg downward and m'g upward and a resistance % m'(du/d0) upwardsj here
mamass of sphere, m'=mass of liquid displaced by sphere and © time. The

equation of motion of sphere is (23%)

ng-n'g-3 m'(du/de) = m(du/de) 49./
therefore the acceleration is
, du m-m' ¥m o1 @
Hin 2l B " BT Wy gla -/

Then with the physical characteristics of slag and matte investigated, at

o
an average operating temperature of 1400°C

du 3,8-2,8 9,81 = 1,89 kg.m.sec” . 1,89x10"%g. cm,sec™>
a® 5,8@(2.35

2./ Settler dimension and matte particle carry-over with the slag.

In the knowledge of the settling velocity of matte particles estimated
from Stokes' law an attempt is made now to formulate a quantitative re =
jationship tetween matte settling rate, particle gize and location of tap -
holes which eventually will enable the estimation of the approximate di -
mensions required for a gettler to peparate effectively matte prills from
glags of given character under specified conditions, In order to achieve
this we will consider the furnace as consisting of six reactors of the back-

mix type arranged in geries with regard to material flow but operating in

parallel by receiving equal weights of concentrate feed and producing equal

weights of slag and matte. An unstirred settling compartment is attached to

the end of the series Af ghown in figure IV-20A.

Since theoretically/...

FUPIEY
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Since, theorcticilly (!) each recactor receives the same amount of

concentratc 1+ flux, Lhﬂwieiéhthi the feed (Yg) fro:Ireactor to reacior
et W e =W W 51./

Under optimum conditions there is no slag loss in the system as & whole,

that is the total amount of slag represented Ly the concentrate (wci will
8

be discharged (wgiSch\

c disch,
Vo1 * wsl 52./

The slag is withdinwn continuously, that is Input = Output, while the matte
{ntermittenily, i.c. Input - Accumulation = Output in tap-to-tap cycles.

Let Uy denote the velocity of slag moving in the bed and u; the free=-
falling (termiual) velocity of matte particles, Then the length of path
travelled by the matte prills (LpM) is represented by the relation of these

two velocities as
t

t
1 = ‘ .‘_1_1‘.) ¢ (%) - _____.Lu"M 5 3 /
481 de M dw sl Ly. a1

and Ly = Lu-sl/COSG‘

Because the velocity of slag flow ugy is c:nstant and bec;use for a given
particle diameter {ts terminal velocity, Uy is const &, will be also
constant for these conditions. Consequently, LpM changes in the proportion
L:-M/Lu-al that is the distance stipulated by the velocity of slag flow and
the terminal velocity of the free-falling matte particles. Further to the

role of 4 we can write o %
o < 45 then u, > Uy
t

o

ol = 45 Vgl UM
0 t

a > 45 Vg1 <YM

fons the effect of the dimensions of the settling unit
Let figure 1V-20B illustrate the dimensional

From these considerat

becomes immediately obvious.
relationships. As will be secn in the graph, the matte particle released

from the concentrate {n the course of smelting at any length (Q) in the total

length of I, will travel a distance set by & in terms of L -0/L, or in case

of unit length of scttler 1 = ¢, Thus ther: is & terminal value below which

all the particles will enter the second reactor.

constant « is fixed by the proportion of ii/h, i.e. the distance between the
1 depth of slag. It is alsc clear that

This terminal value at a

taphole and slag level and the tota

the carry-over factor is maximum when ¢ = L in which case all the particles

releused at/,..




Fiqurae VY- 21,

Per cent of matte settied from slag: U; x 100 (per centd

RETE OF MATTE STTTHING AS A b lieh OF ' |
: NGOG et 0 TAFHOLL LOCATION - o=
At MATTE FARTYOLE G170, °

B SV b d £ Loty
//' !
Mior !
Condi Lion- . e S l
1/t = 0 / l
- 7’ -
S’M ‘)sl 1
L "= 4 m

W « 3 poine

Taphole location

H/h




g7y ¢to ¢ty vie GL't 1t 1‘9 N G4l ¢
8*1 muOHuh.m Al 0*¢ Al Lyt naoano.m 74¢ vUOANA.m 14
vte 11 N:Oona» o'y g2 6°1 T*1 i/ 21 ¢
U R.\i Onﬁumo o uo. X [} “Nb [ x & [ (X
1- x3*¢ 1~ T - Tx0°1 NlOH 0" 9 mwoa 14 Nxoaum [ Nmoa 9°1 nncpno L ntOwa T [4
8 8. , N “w‘ ~
,_03s%uo Nnomuw = n an / ma JO sanyeA pajvINOTe) /°<
62 €*1 vnOﬁxm.m gty g¢ czte 21 cec 71 c
¢tz 5t Sl 149 7Y cez 51 g8‘s 81 7
87 2‘e vt ,_0TX1'8 L*< 8¢ 12 mmnﬂxo.m vee ¢
xXT*; o2t ~IXTY2 ~TXZ* nyxg* xG* oTXT* ~1xyt ~rTxCg
_0TxTtL ¢-C 2*¢ (CTXT (-t ?Hnm qmoamm ?cHHn LT STt 2
sstod
L7 7S00STA
29870 *£3F20184a TYRIWMEL SUOIOTE
251 cCt Cs Q9 26 ov ¢ ~Z ot Uy ezTs
a7st13Ied
sa1oT3aed 933w JO £3700TaA TRUTWISY, /¥ ¢-AT SIQEl




7°e T‘1 Nmog:‘ 0*y g*e 61 L0*1 m«oda.v 21 on*t
€6°¢ gLtz €L Naoda.m N..oaxmm.m L'y 99°2 92*T g6e gv‘e
.ﬂ,dxm.w To.ﬁxqo.v g5*2 cgt 60°1 N..ods; Naodso.v GL*T _oTxC9°y g8‘¢
92°2 yo‘1 Tods,m Toﬁm.n Tocsw.m .Toaum;” Todzo.a Nzoﬁmm.v N..oﬁm.ﬁ.a G746
o uoi3rscd
atoucerl
quaeo asd = COIX M; $pa13319s IuFrom 933ewW [e3d} jO U Idg suozoTd n\m
UT 8218
CE1 zC ce 0% 0% oy ot o2 o1 sToT3SeS
as1od ¢ = A£3TSODSTA Juls BFuIBAY
*(3G9TaM T30} 3O 3udd Ie¢ = NNT X M:V suwor31sod atoycey pue IZ18 a1ot13aed
J© uoy3ouoy ® se ‘IS[3I8S Su3 JO (B1) UIPUST 3TUR UY PATILL8 93%¥xT JO JuITom *y-AI 31q=l

PP ——



e — i

released at this point will bLe carried over to the next settling unit. In
this way for the weight of seitled matte we can write

t
w; %:—l (L - Y1) %ZWM 55./

8 .
where W, is the scttled,and 7.W_is the total released matte weight. On the

other hand the tcrminal velocity is a function of the particle diameter and

the viscosity of the slag
t
Uy = f('y]a Dp)

expressel by th- famniliar Stokes equation,

There arc two further factors influencing the quantity of matte
gettled: the coale:cence factor fc and the recycle ratio R. These arise
due to the buoyancy forces actirng upon the molten slag ard the stirring effect
of the clectrodes and both act in the direction of the increase of we

M
fore in a more exact treatment they should te included in equation 55, The

Thera-

coalescence factor might be expreesed in terms of per cent incrcase in the
average prill size at a certain slag depth. The recycle was found to be
very limited under the conditions of operation therefore, as a reasonable
first approximation, it will be omitted from this analysis.

An other aspect that will have to be taken also into account is the
effect of the liquid upon a scttling particle. The expression for this was
given by equation %,/ani the velocity decrease was found as du/d9 = 1,89
hg.m.sec'l, shus the acceleration due to gravity is reduced by a factor of
0,193. With the inclusion of equation £)./ the complete expression for the
weight of the rettled matte particles of &n average diameter ﬁp will be

[fcf’g"c [(ry = 561)/ (e - ﬂsl)]/m"l] . H

B 1, B ‘
VM @ ual \1 - L) h Zwm 5‘ .

’

As an example of practical application tc operating uniis Table IV-3 based
on n bulk density difference of AY~ 1 between the two media at the average
temperatire of the refererce furnace slags gives A.) the terminal velocitles
of the matte prills by Gtokes' equation at ¥ = 2 to % poise and B,) the
calculated values'or u;/u 1 in the same viscoeity range on taking «n average
value ugy " 2x10'2cn.scc' for the flow veloecity of the slag® .n the
furnaces as calculated from material balance and bed dimensi pertinent to
practical operating conditions, With the use of these datu and eguaticn 56./
the values compiled in Table IV-4 could be computed. Here the average slag
viscoaity was taken as 3,3 poine, the total depth of the slag bed 1,32m, the
location of the tapholes below the glar surface 0,14, 0,34, 0,54 and, as a
hypothetical extreme, 1,52m (plag-matte interface), giving thus for H/h 9,45,

3,88, 2,48, and 1,00, Figure 1V=21,) baszd on the data of Table IV-4
displays the/...
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displays the waight per cent of scttled matte particles of various size as
the function of the ratio II/k pertincnt to unit length (im) of the settler.
1t will be otvious from the plots that for example with the length of the
settling zone of the refcrence furnice (5m) and all matte particles released
at the front of the zone, matte prills down to 40 micron (inclusive) would
gettle out 100 per cent {given us 0,2x5x100 from the ordinate of the graph)
if the taphole wcre located at 1/10 = 0,137m below the slag surface, Or the
other hand &t H/h = %, thit s ut a depth of 1,32/5=0,264m, the 60, 80 and
100 micron purticles will settle out 100 per cent. On following the vertical
dotted line from tha intersection of y = 0,2 and x = 5, the various size
matte particles will seitle out as follows: 50}*4'0,14x5x100u70ﬂ; 40rt“‘*
0,097x5x100=248,5,% BOPJVO,OSSxSxIOO—QY,S%; 20(&*’0,022x5x100-11,0%. If, on
the other haud, the total length of the settling zone is 2m which is close
to the 2,15m length of the individual reactors, at the same H/h=0,264m tap=
hole location only the 100 micron prills would gettle 100%, the 80 micron
would tettle as 0,35x2x100=70%, the 60 micron at 40% and the 20 micron as
4,4% oaly. In case of steady ostate cenditions it would be thus possible to
determine th2 accurate length of the settling zone in the knowledge of the
size spectrum of the matte particles necessary for the most efficiert se =
paration., The average prill size, Bp, for a mixed bed of a wide spectrun

of particles can be most conveniently estimated by the method of Reboux(24)

£8

B -7Xxd
p 2% 4, 57./
vwhere X « weight fraction of dp. Then
1 X
= 'Zd 58./
P p
here dp " dl'd2’ nat is the square root of the product of two adjacent

particle diamecter. Then finally

1
Dp - X
A
P

i
Thus the average particle gize below the critical size, Dp (all carried
over) and above the critical size, ﬂi (all settled), from equation 59./

59./

is reprecented as

i c 8
D D
pb < <7
C
that is 1 Dp I S

ny ng
jz_xi/dpi ;E}B/dpﬂ

and the weight of matte aettled expressed in terms of particle size is then
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[w] 1 = W --w
. = n 60 /
1/ i l_ R )
ny e ps o- i Tpi

5./ Microscopic investigation of the size and dictribution of uatte

EarLiE}i” i"‘th" clag,

In the 13 - of the farcgoing discussion of particle size = matte
lose relaiionshiy . 1, apparont thai the adcquate dimensioning cf the

gettler cannot be pe. “~rmed without tha knowledge of the size of matte
particles descending In the molter slag bath dauring the procees of smelting.
In the course of their descent the bath motion may dring about coalescence
between the various size matte prills released from the concentrate, The
resulting increase of size will promote pettling and reduce thereby the
matte loescs below that could be expeched from the initial or "as released"
size range »f the particles.

Wrile roferences ars ava‘lable on the size distribution of matte
prills produced in reverberatory smelting of copper concentrates, very
1ittle has lLeen published on the size of particles originating from
electric furnace processing., On account of the difference ir. bath motion
and temperaturc distritution between the two types of units it can bve
anticipated that the size range of the matte particles will alsd differ.
The following experimentsl work was accomplished with the aim to gain &n
insight into a./ the actual grain gize and b,/ the size distribution
ang poseibly aleo the cxtent of coalescence, if any, of the prills during
their travel through the molten slag layer.

3.1./

‘xperimental procedure, Various series of samples were taken from the

operating furnace through the matte sounding hole

with the aid of a sampling probe reaching to the
bottom of the furnace. The construction of the jacketed, air-cooled probe
was similar to that described by Themelis (25). After withdrawing the
prove, the total length of the cooled slag crust frozen unto the surface
of the rod was divided into 10 cm cections, broken off from the probe and
gaved, Altognther 12 samples were thus obtained from one tatch each re -
presenting 2 10 cm section of the total dcpth. The 10 cm sections were
further subdivided into three ~qual parts incrensing thereby the number of

samples to 3C.

Kach sample, having an expored surface for investigation of =ubout

1,5 to 2 cm2 was cast intc a plastic mould and sutjected to,polishing first
with rough, then with fine gand paper and finally surface~finished on

poltshing discs with fine alumina powder suspended in water serving us a

polishing agent/...



NO‘lo

No=2s

No= 3.

No=4,

No=5.

N°'6o

No=7.

No=8,

Note

Description of photographs

Depth of sampling ¢+ 20 cm
Smaller particles:t 50 to 100 microns
larger particles 1 130 to 150 micions

Spherical particles as releascd from concentrate
Depth of sampling 3+ X cm

Smal ler particles: 1% to 70 micron

Larger particles 3+ 13X to 200 micron.

Depth of sampling + X cm
Large spherc of matte, 6 micron
Snaller particles 1 50 to IOC micron

20
Depth of sampling ¢ 10= cm

Dispersed small particles, 15 to 50 micron

Depth of sampling 1 110 cm
Large particle in the centre 1 mm.
Coalescence

Depth of sampling 3 120 cma
Particles up to 4% micron
Evidence of coalescence in the bottom region of the slag bed.

Depth of sampling 3 10 cm
Non=-spherical particles
Evidence of coalescence in the bottom region of the slag bed

Depth of sampling 1 3) cm

Large particles 1 300 to 40 micron

vedium size ® 1 10 to 20 microns

Small " ¢ %0 to 100 microns

Evidence of coalescence in the upper region of the slag bed.

Depth of sampling denotes the distance from the solid crust on the
top of the molten slag layers

Magnification in all photographs is 150 x




- -

; Photograph No..1 J‘
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Photoqgraph No. 4




Photoqgraph to. 7

- ‘ “re

Photograph No. 8




polishing srent. The poliched samples were then investigeted in reflected
light under o Leitz metallographic microscope cquipped with a polarcid
camera for photographing the surfeces. The sirve of the grains was measured
with the aid of a mcalc of 100 d:visions etched on ths surface of a glass
‘dise which could be accommodated in one of the oculars of the microscope,

1 division representing O,1 mm, In knowing the magnification the particle
pize could then be calculated,

The approximate size distridbution was obtuined by lengthy scanning
of the surfaces and ccunting the number of grains of various size, that is
ty the famili<r point count techrique, Then a statistical aggessment com=
pleted the procedure, & 378 times magnification was used for counting, but
it proved iradoquate for photcgraphy purposes dve to the hazier ccntoures
that resulted at this enlargement, Therefore photographs were taken with 1

lower, 1950x magnification.

3,2,/ Results and discusaion.

a,/ Particle size and nize distritution. Photographs 1 to 8 taken of the

samples originating from various

depths of the slag bath give an indication of the dispersion of the matte
prills in the slag matrix., Figure 1V=-22 shows the size distiibution of th2
particles dbased on a given pumber of counts from 20 micron size upwards,

The smallest size counted was 15 micron below which the information about
the actual number of grains is more a sesult of guess-work and would be mis-
leading in this vespect to reaort to the practice of extrapolation, From a
practical poirt of view truly meuningful results can be obtained by converting
the data into actual weights as represented by the various size fractions.
This calculation was carried out for apherical shape, but from the photo =
graphe it is obvionus thot a great proportion of the particles is not
necegsarily spharizal. This might be due to some extent to the action of
the surface trcatment tha: could have caused deformation to the friable
particles, Since, however, the spherical shape appeared still predominant,
this wae used as a reasonable first approrimation which from a statistical
gtandpoint would not cause a too sigmificant error. Then for example the

weight of a 100 micron particle would be obtained as follows:

a, = 0,1 mn, then voluns Vea/3 £ = 1,335x3,14x(1,75x1074) « 5,25x10" Ynn’

rp = 0,05 rm, density at 1400°C 5 - 3,71 g/cm)
then welght oo (5,25x10"4)x3,77 = 1,97x10 ng
Number of prille counled Np - 36
-2
prNp « 7,1x10 "ng

This calculation/...
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Figure iV= 23,

WEIGHTS OF VARIOUSG SI/1 FRACTIONS At CUVULATIVE WEiGHT INCREASE
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Phis calculation was performed on all size fractions investigated and the
results, both as fractionul and cumilative weight increase are illustrated
in figure 1V=23.).
In a bricf suamary it was found that
1,/ No clear definit'mm of an average mette particle size could be
made in thece serics of investigations. The numter of particles
apprared to increase oteadily down to aboul 20 micron from which
oize tre number deercased abruptly and only a few particles could
be found smaller than 10 micron., Their number between 5 and 1%
micron could not bLe assessed with adequate certainty.
2./ The average larger size was in the range of 100 = 300 micron.
0dd large size was found between 500 = 700 micron, the largest
observed baeing 1,1 mm, If, as a rough approximation, the number
of prills below 15 micron gize were not included in the analysis;
then the percentage size distribution from the number of counts

would be as follows:

Size, @0=%C 30-40 40-50 50-80 80100 100-200 200-400 400~600 600-1000
% 40 25 17,5 14,6 4,5 243 0,8 0,4 0,1

3,/ The weight distribution, according to figure IV-23 is inversely
proportion2l to the number of particles and increases with in -
creagcing size range. It it interesting to note that particles up
to 200 micron represent only about 10 per cent of the total matte
prill weight while 90 per cent is made up of the weight ¢f the few
odd large size particles. Pelow 50 micron size they account for
not morc than 1 per cent of the total weight and only for about

0,1 por cent telow the 25«30 micron size,

Q;Z Particlec coalcucence, vith the photographs taken it was possible to
obtair. some {nformatione as to the extent and

mode of coalescence that can be expected during the :ravel of prills along

the depth of the elag bath. Photographa 5 to @ indicate the evidence of
particle coslescence which, aa will be apparent, is not confined solely to
tiie lower regions of the molten path but can bc quite extensive already at
the top of the melt. (ree €. photograph 8.). The presence of buoyancy
and alectromagnetic forcee€ due to their mixing effect mey create conditions
favourable for an early conlescaence of the particles close to their pcint
of release from the concentrate,

qome time ago Johannuen and wiase (18) have already stressed the

important role played by the character of the concentrate as the main

governing/...

e i
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governing factor of matte prill cize "a. released” from the concentrate
matrixe Tus they have foand that orss containing larger grains ol sulphide
will produce larger droplets than fine-grained flotation concentrates, balf
of which ray contain concentrate pariicles smsller that 40 micron. Studies
carried out in the nrar past on the growth of metallic copper particles in
the slag drew attention to the importance of *he cooling rate of slsg. Thus
Yazava and Kameda (26) have demonstirated that an esthtial fuctor in the pre-
cipitation prccesn ic tne residence time of the slag at a temperature just
below the slay liquidus when mex.mum growth of the precipitated particles

can take place. Testucrk carried out at the Noranda Research Centre (27)
confirmed thcse results and indiceled very gubstaniial growth rate of the
grains when zooling Noranda Process pilot plant slags from 12C0 to 1000°C

in respectively 5, AC and 227 mtimtes, Cooling rates of less than 10 minutes
resulted in particles of 25 miecron average size while in the mcst slowly
cooled slag the averag size was found to be &7 microns. It is therefore
conceivable that the large particlas observed in samples taken close to the
top of the s8lag bed in the present study might have come abtout as a result
of slow cooling effects. The degree of coalescence may cxtend to the for-
mation of 200-300 micron givze particles (photograph No-7) or large aggregates
as shown for example in photos 5 and 8.

The above observations would point to the fact that the time -
availability is only one aspect, though a rather important one of particle
coalescerce and matte settling., The role of temperature variations in the
puth of the prills, whather these are descending or being mcved around by
the agitation of the slag layer, contribute &lazo conaiderably to grain growth

and therefore to the gettling of matte.

Ultimately however, in thie process of successive heating and
cooling to which the particlee are subjected, ‘he viscosity characteristics
of ‘he slag will have a dncisive inflnence. ‘v gteep gradients in the
temporature-viscosity plote expressed by the temperature coefficient of

viscoeity equation with large values of Kn in
(5 -
Kn 2 M

(Tl - Tz)

the effect of"snnealing" will be lers pronounced than with slags the

avg

vircosity of which {g lecs sensitive %0 temperature variations. Therefore

the temperature range auitable for coalescence is wider in case of the

latter type of slags than with the former ones. This fact further complicates

the problem of matte cettlirg and adds to the difficulty of adequate aettler

dimennioning for electric furnaces producing copper or copper-nickel ~attes,
The discussed/...



The discussed strong impact of glag characteristics on matte settling would
suggest that in rectangular versus circular furnzce synmetry with altogether
different temperature distribution and node of particle coalescence in the
two types of geomctry, onc particular sleg may be perfectly suitable as &
pettling medium for the mattc and would facilitate excellent slag - zatte
peporation irreapcctive, whether the furnace is circular or rectangular.
With other slags of altogether differcent characteristica mainly with regards
to the response of their viscocity to temperature variations, tha geometry
of the furnace could be a ratber decisive factor and the rectangular shape
with increaced distance and tiwe availability for matte settling will be
preferrcd,

The viscosity of the matte is also an important factor i promoting
coalescence, Since the viscosity ie influenced significantly by tb Jper
and nickel content of the matte, even with similar clag composition but with
varying matte grade from plant to plant the coalescenca and the size of the
matte prills may vary to a great extent, Schopov (,8) presented the rasults
of inveszigations on the size distribution of matte particles produced in
smelting of copper concentratea in electric furnaces. In the case described,
the percentage of the 5C micron size particles (inclusive) vas comparable to
that found in the present investigatione, i.e. about B8R-89 per cent as against
82-83 per cent of the present study as calculated from the number of
particles). The casc history of the concentrote, or the other hand, differed
in that it consisted of roasted sulphide ore, A high temperature ceitrifuge
was used for the separation of the natte prills from the siag to determine
the tot2l suspended matte,

Murther considerations on the aspect of matte particle coalescence are given

in Appendix Il.

_3:/ Grain size and settler dimersions. In the knowledge of the size
distribution of matte prills the
previous line of thought pertinent to gattler dimensioning can be extended
further. The following ccnsiderations like the earlier ones refer strictly
to the mettling zone of the furrace. The true getsling compartment of a
G-olectrode furnace in which conditions can be regarded as being more
quiescent due to the lack of {nter-electrode action, comprises the slag
tapping end of the furnace extendiag from the face of the last electrode
(no=6) to the end wall, The distance in the refevence units is 5 meter.
In congequence of the lect perinrbed flow conditions the application of
5tokes' law Tor the culenlation of particle gettling velocity becomes in
this region tn a certain degree justifiable.
The radius of tne active area of the electrode in these units, as will be

seen later/...
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geen lator, 1o on an uverage 2,5 to 2,6m thus the length of the quiescent

one cculd vary b hen 9.6t -
2 y between 2,5 and 3,0 m. In practice, however, this may

{ncrease considerably, thereforc the calculation will be performed for
gettler lengths of 74 3, 4 and 5Sm, v

As for an example from figure IV-21 at a taphole position of 0,14m
below the surface of the molten elag bath about 4,6% of the 20 micron, 12,54
of the 3C micron and 194 of the 40 micron prills will scttle out, On the
basie of figure IV-25 theweigth fraction of the mentioned size ranges is
0,29, 0,39 and 0,54 por cent respcctively, then at a length L available for
gsettling the sottled weight of matic will be w;.L. The relattionship
between the settled weight and total weight of the particular size fraction
ie (w;.L)w;°t. From these the weight of matte lost to the slag in case of

a particular matte prill size is then (wﬁl):

sl tot 8 tot
Wyo= Wy o- (Wy » L) Wy 61./

and the total mctallic loss for the entire size spectrum of particles will
be

d d
8c i
y tot ~ 8 tot
Ny @) = | - %.('WM ¢ 1) ¥y | Cye () 62./
1 1

here f\;g(%) {s tne itotal metallic loss as a result of the action of
electrode No-6 in the settling compartment represented by matte particles

in the size range d1 to di carried out from the furnace in the slag; wﬁ is
obtained from equation 5G, 1.e. figure 1V-21, while CMe(M) is t.e concen -
tration of metal in the furnace matte. As an {1lustration of the mode of

calculation with the values pertinent to settled matte weight quoted above,
the yarious steps are outlined in Table iv=5. In comparing equations 60./

2 42,/ it will be obvious that

d d
%iw;ot_ [}i(w; ‘ L)W;;Ot ) [w}(l/z xi/dpi) when Wy = 1,00
63./
‘‘he fecding of the rectangular g-electrode furnace is effected
along the length of the unit on either sides of the electrodes by which the
share of each electrode in the feed i8 approximately 1/6-th of the total
feed quantity. lence the value of 0,167 CMo(M) in the Table. The
caleulation has been extended to {nclude taphole levels (h) 14, 20, 30, 40
and Y0 cm tclow the gurface of the molten slag representing H/h relations
of 10, T, 4sTs 345 and 2,8 with H = 140 cm average. Figure IV-24 in a

threc-dimensional presentation ghows the metal losses expreseed in per cent

contained in the discharged 8lag. Conditions pertinent tc the average
thicknes/ s+




Table IV-5. Mode of determination of metal losscs in the matte

discharged with the slag.

Conditionu: Position of taphole below

slag levely hy, cm 14
Depth of slag bed,"l, cm 140
N/n 10
Particle
size 20 30 40 50 60 80

Total weight of
matte W;-lOt %
Settled matte

velght .8 o (0,046 0,125 0,190 0,290 0,410 0,700

0,25 0,38 0,54 0,50 0,35 0,75

at L=1 M
Distance L .
available wM . L
for settling
peter
5 0,230 0,615 0,950
4 0,184 0,500 0,760
b} 0,138 0,375 0,570
2 0,092 0,250 0,350
8 tot
(wM L) Wy
5 0,057 0,240 0,51
4 0,046 0,195 044l
3 0,034 0,146 0431V 0,44
2 0,023 0,098 0,27 0,38
- tot o tot 81 .8l
WM = WM - (\‘!M ,) "M sz Z_VIM 'CMQ XOgl§7§
5 0,19 0,15 0,03 0,37 0,10 0,0167
4 0,20 0,20 0,13 0,53 0,14 0,0234 .
3 0,21 0,24 0,23 0,06 0,74 0,20 0,0334
2 0,25 0,29 0,33 0,12 1,07 0,29 0,0436 |

Matte grade:
Cu + Ni = 27% =0,27]

CMe = 0,27




ihickness of the molbten slag layer in the furnace, then the free settling
length, i.e. the length of the quicscent zone and taphole location below

the surface of the melt were the came ac outlined in Table IV-5, The graph
relates to lossesthat can be expocted in the settling zone only from 1/6-th

of the total feed added to the last electrode.

Considering now along the entire length of the furnace, which is
assumed to consist of rix reactors, each acttling compartment separately,
when these are fed at the same rate with concentrate it is easy to show that
provided the stirring effect of the electrodes and the buoyancy forces
acting on the particles is the same, the settling and carry-over of the matte
particles (prills) will also be the samc in each unit. In balanced operation
the smelting rate at each electrode should be virtually equal (theoretically
at least}) with the result of equal quuntities of matte ¢nd slag produced in
a unit time. The material balance with regard to the matte will be as
follows: let W; denote the ' ~2ight of matte overflowing from one compartment

into an other and K the ra. o of recycl., then from reactor I to TII we have

.8 . 0
1./ w1 © Z¥y/101 “M/1 64./

-8 (o}

II./ VM/II o Z'WWII + (RIII- RII) - wM/II 65@/
s 0 ‘

111/ Yw/111 ” Z—WM/III" (RIV - I{m) = WM/111 66./

Between the N-th reactor and the scttling zone (sz)

N/ v = DMt B Ry) = Vi 61./

and in the settling zonc proper
t 8l

o
on./ WS = IV " Ren "M T Wy 68./

whers w; = weight of matte tapped and w§1= weight of matte lost in slags.

0
raturally with equal emelting rates in each reactor the value of WM and R

will be by and large conntant, Consequently, from a matte loss point of
view it is only the material balance in the settling zone that really

matters, OGince
* ) t sl 6
] W 9o
LY R /
the efficiency of settling in this zone i8
‘ 6l ,,t
- - W ] x 100 T0.
Ness [1 (W) /

As to the metallic losoes svaluated for the totul fced along the

entire length of the furnace using the same mode of calculation the in-

dication is that the cumulative loas from the rest of the furnace, de =
pending on/...




Figure IV - 25, TERINAL VELOCI TY OF MATTE PARTICLES AS A FUNCTION
OF DISTANCE FROM 1HE TOP OF THE MOLTEN SLAG BATH,

Size of prills ¢ 50 wmicron
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FigurelV = 26. TERMINAL VELOCITY OF MATTL PARTICLES AS A FucTion
OF DISTANCE F@OM THE CENTRE OF THE FURNACE,
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Table 1V-6. Bstimiloed temperature, viscosity and setiling velocity

gradicnt of matte prills (50 wmicron size) in vertical

direction betwe:m the top of tne molten slag bath and

the slap-matic intoerface,

Depth Temperature Average Settling
in viscosity of velocity of
slag bath e plant slag, matte prills
m poise cm.sec-lxlo"4
0,05 1340 57 3,10
0,10 1365 4,2 4,00
0,20 1400 3.4 5,10
0,30 1425 3,00 5,80
0,40 1445 2,65 6,40
0,50 1460 2,60 6,60
0,60 1460 2,60 6,60
0,70 1455 20\”5 6350
0,80 1445 2,75 6,30
0,90 1435 2,87 6,05
1,00 1420 2,90 5:85
1,20 1385 5,65 4,80
1,30 1365 4,25 4,00
1,35 1350 4,75 3,25
1,40 1325 7450 2,40
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