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pending on opcrating conditions would be about 0,75 {o 1,5 times the values

estimated by equation 68,/ for the contritution of the settling compartment

only. Theruiore the total loss is approvimated by the expression

’(tot) sc 8¢
L « JU o+ (0,715t 1,5) L 11./
Me e Me

with a reasonable average valuc of 1,0 for the multiplier.

d./ Deviations from jdeality. The for:-going analysis represents un -
duobtedly idealised conditions since it was

performed by assuming uniform temperature,
that is viscoaity distribution in the entire slag bed. However, in connection
with the discuseion of the probable temperature distribution in the molten
slag bath it has been demonstrated previously, how iu a working unit the
suggested heat flow pattern would affect the distrit.tion of viscosity.
Figures IV-7 and IV-8.) show the estimated viscosity distrinution in vertical
and horizontal direction between tae top of the haih g4 the level of the
electrode tip in the vicinity of ar ~lectrode or i: the plane of temperature
separation hetween the electrode arnd the furnare wall, The viscosity-
terminal velocity relationship as represented by Stokes law would facilitate
the estimation of the change in terminal velocity of the matte particles in
the same directions as a function ¢f temperature and, consequently,viscosity
distribution in the slag. As for examples, figures IV-25 and 26.) drawn
after the above-mentioned graphs indicate the settling velocity profile of
matte particles of 50 micron size in the region between the two constant
temperature faces, l.e. electrode tip and the top of the molten bati, while
figure 1V-27 represents the estimated settling velocity distribution in the
entire depth of slag ved in vertical direction between the top of the melt
and the slag-matte interface. Obviously the same applies to particles of any
size in the entire size gpectrum of the matte prills.

Pertinent data arc collected in Table V=6,

The approximative nature of the estimated locses becomes truly
apparent in connidering the furnace after figure IV-22a.) as a series of
continuously stirred rcactors. In each reactor along the side of the
electrode due to the ancending movement of the hot slag a portion of the
particles will be 1ifted to the gurface of the melt and carried toward the
periphery of the active clectrode area. On approaching the periphery the
cooling melt starts descending and the prills being carried downwards, will
tly at least) in the bulk of the matte bed. This ascending-

be deposited (par

desconding movement will facilitate greatly the coalescence of the particles

and because of /...
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and bocause of the substantinlly enhanced settling velocity, Stokes' law will
have an ever=decreasing validity as the bulk flow of the slag gets closer and

closcer to the centre of the furnace. In addition, in the overlapping region

of the active arcas bestween clectrodes and, cspeeially, in the path of the
current flow, the pattern of slag movement and with it the scttling of
particles becomes unpredictable, The extent of the overlapping areas of the
active zones of the electrodes is very gubstantial, accounting to some 50 to
80 per cent of the total mixed area depending on electrode position and
furnace operating characteristics. - These facts may further illustrate the
extremely complicated naturc of matte gettling in an electric furnace and the
difficulties involved in correct settler dimensioning. As a reasonable first
approximation the discussed method based on average slag temperatures will be
applied later in this study for the comparison of rectangular and circular

furnace symmetries.

In an other attempt to correlate viscosity and hindered settling
conditions for estimating matte losses the relationship proyosed by Guth and
Gold (29) was tested. Based on the original Einstein equation these authors
produced in a rather lengthy calculation an expression applicable to the
golutions of high molecular substances with spherical shape. Accordingly

M o.M (1 - 2,50 - 1400 VP 12./
n

(]
or 1 - 15./
] - 2,5v - 14,4v°

The applicatio. of equations 72 and 73.) was attempted in the context of the

conditions on*’ ovr, that is up to the range of about 0,5 per cent
matte entrapment . glag with an agsumed range of viscosity of 3,0-3,5
poise. The resu. ~i were completely meaningless. Usable results
could be arrived .niy vnea the logss figures approached 5 per cent and

were preferably even higher. As & consequence, these equations could under
no circumstances be recommended for loss estimation purposes {n connection

with the operation of matte smelting electric furnaces.

4./ Results of measurementig on flow characteristics conducted with

radionctice tracers.

A more realistic picturc on the nature of the movement of material
in a working unit can be gained by the application of radioactive tracers
in the flow media proper. The method has been used by Themelis and Spira
(15) in reverberatory furnaces and more recently by the National Institu o
for Metallurgy in South Africa (1, 30). The work of NIM is of special

ineterst/ ...
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intercst since it was performed on a unit geometrically identical with the
refercnce furnaces of this study. As it was found the total flow in the
furnace is made up of backmix and plug flow plus a certain degree of siagnant
or dead-flow. IFrom the results of tracer tests it would appear that under
the particular operating conditions at the time of the experiments, the flow
could be characterized as conaisting of about 64-65% backmix, 1% plug flow
and 54-35% dead flow. The high ratio of backmix to plug flow is interesting
and would indicate good flow continuity in the upper region of the bed. The
mixing is a good deal more intensive along the entire length and the
character of the flow is considerably different from that in a fuel-fired
reverberatory furnace with theoretically estimated dead-flow regions of up
to 86 per cent (19).

The extent of the dead-flow region fcund by tracer tests in electric
furnaces of the matte smelting type may naturally be subject to rather ex -
tensive periodic variations depending on various factors like rate of flo',
number and position of tapholes used, hydrostatic head above the taphole and,
to a great extent on the attendance by the operator. Furthermore, it may aiso
vary according to the position (depth of immersion) of the electrodes and
according to the change in the level of the slag and matte. From the stand-
point of uniform matte losses it is therefore important to keep the level of
the slag, that is its height above the taphole as constant as possible.

Some discussion on the flow velocity of the slag bed willi app2ar
in Appendix II B.
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SEC'TION V.,

ON THE NATURE OF METAL LOSSES 10 THE SLAG ARD THE POSGIBILITY OF SLAG

OPTIMIGATICH,

1./ On the nature of metal losses when smelting concentrates,

From the foregoing discussion of the physico-chemical characteristics
of the slags as well as the character of the heat and material flow in the
furnace it is apparent that the viscosity of the slag plays a decisive role
in slag-matte separation when smelting copper-nickel concentrates either in
reverberatory or electiric furnaces. From a sound furnace design point of
view it would be of great importance to have an adequate knowledge of the
nature and the cause of metal losses to secure the best economy of the

furnace operation.

As to the part played by the viscosity it is obvious that at lower slag
viscositics the matte prills move more casily through the molten slag layer
and the danger of matte carry-over through the taphole is thereby diminished
and the economy of the operation improved, This point has already beer
handled in detail, lowever, vhe problem of mutal losses to the slag is
rather complex and cannot be equated simply with slag-matte separation based
golely on viscosity considerations. It has long been the subject of research
as to what extent the metallice present in the slag were true solutions or
merely entrained as metal or matte particles. Literature data on the subject
relate mostly to revertcratory furnace treatment of copper concentrates vastly
different in composition from those handled in the RPM electric furnaces,
Hardly eny reference is encountered in the literature relgting to simultaneous:
losses of copper and nickel, not to merition the rcase when these losses occur
in electric furnace processing of concentrate.., Investigations on this line
centred moustly around the dissolution of sulphidic copper, and in a very few ‘
cases nickel, primarily in fayalite-type slags produced in converter processin

of mattes.

Copper losses in reverberatory furnace slags can be attridbuted to two
main reasens viz., mechanically entrapped sulphide and an inseparable, non =
sulphide phase of indeterminate natur~ which also might be termed "chemical,
or electrochemical loss". Irrespective of the reason, the volume of the
lonses is rather sabstanilal, As Altman and Kellogg(1l) have pointed out,
primary smelters in the USA lose evaory year more than 20,000 tons of copper

in reverberatory smelter slags. From the resulis of recent investigations

1t would appear/...
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it would appear that a large proportion of unrccovered copper is in true
golution in the slag melt. This may be so but the mode of approach to
studying the nature and the true cxtent of the looses has an important
bearing on how the experimental data could be related to, or would be
representative of the losses occurring in practical furnace operation. For
example from the work of luddle, Taylor and Jates (2), Toguri and Santander
(3), Altman and Kellog (1) and Bailcy and Garner (4) it ie obvious that the
oxygen potential of the atmospherc above the melt is a decisive factor in
determining metallic losses to the slag. Indeed, ihese authors are in ex =
cellent agreement when their results are expressed in terms of the C\;\OO,5
activity. On the other hand Echnalek and Imris (5) developed the concept of
sulphidic dissolution of copper in sul phur-containing slag and regarded the
total dissolved copper as being the sum of sulphidic and oxidic dissolution.
Themelis and Spira conducted research exclusively on commercial slags
containing lime, alumina and other constituents (6) and the solubility data
were presented in correlation with matte grade, The interesting point in
their research was that the great number of tests were conducted under
identical experimental conditions. This is an important fact since, as
Nagamori (7) pointed out, meaningful comparison of copper loss among various
smelters can be made only, if for example temperature, per cent copper in
matte, per cent 8102 in slag and magnetite activity are well-defined para -
meters. Further to this comes that all other commercially common slag
constituents such as lime, alumina, ghould also be identical for each case.
If not, then additional parameters must be specified to define the system.
As a consequence, the comparison among different smelters becomes rather

difficult and may even lead to conflicting results,

From the standpoint of thermodynamics Nagamori's argument is
entirely correct, If the research were restricted to matte losses occurring
in converter treatment of matte with a fayalite-type slag, then basically
the system to be handled would be a quinnary system consisting of the con -
stituents Cu, Fe, S, O, and Hi0,. Because of the character of the converter
operation, irrespective of the grade of matte to be treated, the necessary
flux addition will be such that the composition of the slag produced widl
closcly approach that of the pure fayalite, Then with the three co-existing
phases in the converter, (matte, slag and gas) and with the compounds
mentioned, the number of degrees of frecedom for the systew will be F = 5423
=4, Hence the neccscity of the Jfour, well-defined parameters mentioned above,
Naturally in practice, to the five cor.atituents (i.e. Cu. Fe, S, O, 8102)
will have to te added A1205, MgO and also CaO, Murthermore, slags and matteg

in this system are produced together, exist together and are immiscible
liquics/. ..
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liquids, As lPrittingham noted (8) thcy chould therefore be expected to
conform with the tehaviour of conjusate soluirions which means that when the
compoeitior of one of the pair of conjugates varies, the composition cf the

other will also vary according to th= plase rul: relationship. Curiously

enough this fact is not even acknowledged in a number of studies of metal

selubility in slags.

i
1
l
1
i
i
|

1./ Laboratory studicy_on_the cissclution of copper and rickel in the slag.

1,1./ Secope for study. Tue to the complexity of metallic losses ocecurring

in matte smelting operation the approach of Themelis
and Spira, that is keeping identical experimental ccrditlone appears to be
the only feaeidble way to ottain mearir.gful results from laboratory (and aleo
industrial) teats on the solubility of matte in the mclten slag, The pro =
jection of latoratory tcet results orto prac tical operition may become even
with these efforts difficult and the qucstion of how far experimental data
represent actual conditions existing in operating units may orly partly be
answered. It would be important to know what portion of the metallic losscs
§s attributable to carry-over of matte in the slag stream and what could h2

regarded as true chemical loss as a result of dissolution of mattie in the 8™ .&.

The study of the effect of slag composition on metal losses could
be a useful approach to this problem. As mentioned, very little is found in
the literature on this subject in general and even less in straight relation
to reverberatory furnace operation. With regard to mette smelting in an
electric furnace, data are virtually non~exisient. As to the general nature
of losses a paper published lorng time ago by vanjukoff (9) is of considerable
interest, containing data on relationship between slag composition and copper
ocontent of slag. lHowever, the results obtained should be viewed with some
caution because of a./ tne extreme rangc of slag compositions and temperature
used by the author and b./ the strongly reducing atmosphere in which the '
investigatiors were carricd out. On account of the latter the results could
hardly be related to reve sberatory smelting and may be more relevant to

electric furnace operation.

In rrsard to ottaining representative data from latoratory test
work one scems to be in a more advantageous position when the amalting of
concentrate is carried out in an electric furnace insctead of a reverberatory
furnace, The reasons are as followsi

a,/ The stmosphere is fa rly uniform from furnace to furnace with a
relatively low oxygen pariial prepsure which, to soma degree; may

sluplifys..
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simplify  the problem encountered in reverberatory furnace
operation with an oxidiuving gas phase atove the melt. As a
result the magnetite activity will depend to a large extent
only on the converter return slag.

b,/ The grade of electric furnace matte is relatively low, the
total copper and nickel content probably varying from 20 to 30
per cent. Thus the effect of matte grade is diminished,

o./ The silica content of the elag is Ligh and can be anticipated
to vary from 35 to 45 per cent.

On the other hand, from the point of view of representative results the
common problem for electric and reverb-type smelting is that the silica

and iror. oxide contents are not near to SiO2 or Fe-saturation, Nevertheless
a reasonable possibility for simulation of laboratory tests with electric
furncce operation is offered by keeping the oxygen potential of the atmos-
phere atove the slag melt low, preferably s.milar to that exinting in the
plant. As to the ever-changing pattern of temperature and equilibrium con-
ditions in a working unit the best compromise will pe a constant temperature
represcniting the high average of plant slags and a reasonable time-length
for slag-matte equilibration,

1,2,/ Experimertal

The tests were carried out with the main objective to ottain in -
formation on the role of the various slag-forming constituents in metal
losses with particular reference to the types of slag encountered in the
operation cf furnaces smelting copper and nickel-containingconcentrates.

In order to simplify the tasck the composition of the slags was restricted

to the relatively narrow range applied in the study of electrical con -
ductivity and vimscosity. As a further simplification only one matie grade
was used with all the slags investigated which is justifiable because ¢f the
1limited variations in the grade of motte produced in electric furnace

smelting of low-grade concentrates,

Altogether three series of tec*s were performed. The various
geries differed only in the oxidation state of the iron oxide constituents.
Slags from the first teat series originated from the electrical conductivity
tests. After the completion of the conductivity runs, the platinum erucidbles
containing the rcduced slags (Fe2+ content minimum 88%) were placed in a box
furnace operating with silicon carbide heating elements and were heated to

1400°C in air. Then the hot slags were poured out from the crucibles unto

a large/...
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a large, cooled iroa plate vo that the shock-cooling arrésted further

oxidaticnes The glursy materials were finally crushed to 80% minus 200 mesh
size,

The materials used in the other two test series were made up from
calcincd oxides and ferrous oxide of miniaum 90 per cent Fe2+ content and
premelted in platinwn crucibler in the tube furnace used for viscosity and
conductivity work. 1In the third series iron powder was added to the FeO
comporient in order to increase the ra®t content of the compound. In this
{nstance it was assumed that the oxice above 86 per cent FeO wae mostly in
the form of magnetite and the metallic iron addition was calculated according
to this stoichiometric relationship, The hot melts were poured into water
and after cooling, the solidified materjals were crushed to the fineness

mentioned above,

Next the slags wece intimately mixed with powdered electric furnace
patte containing 9,27% Cu ard 16,03% Ni. The ratio of slag to matte followed
that employed in operating units, but for the study of the effect of matte
quantity the investigations were extenaed to ratios 211 and 111 using only
one particular slag (No 6 ) for this purpose. The total weight of mixture in

pach run was 20 grams,

Because of the presence of matte, platinum was unsuitable for
crucible material in the high temperature tests. Instead of platinum,
Haldenvanger Alsint 2/A-type sintered alumina crucibles were used. The
erucible material ccnstituted undoubtedly a weak point in these investigations
gince the highly corrosive slag attacked the crucible material and increased
thereby the alumina content of the slag which resulted in a proportional
decrease of all other slag-forming constituents. As analytical results
indicated,; the original 5% A1205 that was intended to be kept constant has
increased in some cases on the sompletion of the tests to as high as 10 per

cent, varying on an average beiween 7 and 8 per cent.

The crucibles were seated in a gfphite holder which, in turn, was
placed on the firebrick crucible puppert and raised in the hot zone of the
furnace tube. To maintain the required low partial pressure of oxygen in
the furnmace atmosrhere, gpectrographic argon, or alterrately nitrogen was
used as a purge gas at a flow rate 1,2 to 1,5 litre per minute. The oxygen
content of these gases was gaaranteed to be 10"6 atm, or less. In one test

geries hydrogen was added at a low flow rate of 20 to 30 ml per minute to

the ritrogen stream/... .
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the ritrogen stream in order to decrease the oxidation potentlal of the
furnace gases.

After heating to 140000 the slag-matte mixture was kept for a
minimum of 2 hrs. at this temperature, The average layer thickness of the
molten slag + mati~ was about 15 = 20 nm in the crucitle, A quick cal -
culation will then indicate that matte particles releasea at the top of ths
melt in a mininum of 2 hre retention at 1400°C had to huve a terminal
velocity of 2,0/7x2600 = ?,8x10'4cm.sec-1 to reach the bottom of the melt.
Because 1/9 of the total melt volume was occupied by the matte, the actual
length of travel roduced o about 16 mm = 1,6 cm and thus the gettling
velocity 2,1x10'4cm.nec-l. The viscoaity of the slag investigated varied
from 1,5 to 4 poisc at 1400°C which, on the basis of Stokes' law would set
the limiting particle size at the density difference of slag and matte to

15 (nax) microns,

After the stipulated holding time at temperature the crucibles were
quickly removed from the furnace and with due care taken to avoid stirring up
the scttled matte they were placed in cold water. Complete solidification of
the melts took pluce within seconds and the matte separated clearly from the
slag in form of a butt that could easily bte removed from the cracked,; glassy
slag matrix, The slag was crushed to a fine powder and subjected to XRF
analysis for Cu and Ni conten® while the divalent iron content was determined
according to a method suggested by Jackson (10). The basic principle of this
pethod is that after dissolution in 40% HF acid to which standard n/10 NAVOS
gsolutior is added, the NaVO3 oxidises the Fe2+ to Fe5+ wnile the excess
vanadic acid is back-titrated with standard n/100 FeSO4 solution. The re-
producibility and accuracy of this procedure is excellent, results could be

reproduced with, or better than 1,5 per cent relative error.

1.3./ Test results and discussion,

fer easy comparison the slags were grouped
in the name way aw in the corductivity and viscosity tests. The results
obtained on the dissolution of copper and nickel upon the effect of the
various slag-forming constituents are given in figures 1A to 5A and 1B to 5B.

A. serics. Oxidised £las.
1./ In Group I'figuve V-1A)the copper and nickel solubility increases
with the increase of the basicity ratio and the decrease of the

8102 content of the slag. Basically, the icrease of the Ca0 (at

constant Mg0) content is instrumental in
BOIubility/o s e
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solubility of both metuls

2./ The pattern in clugs of Group 11 (fipure V - 2n) is similar to that
shown in graph V-1. but the addition of l'#0 appears 1o result in an
increased loss of nickel,

}./ In the slags in group i1l (fig. V~34) the CuO/MgO ratio is kept
constant but the amounts of each oxide are increased, the net effect
being a substantial reduction in the ioss of both copper and nickel
as compared with the results shown in figures V-1li and 2i. Come
paring: fifures V-2, and 35\ shows that the viscosities of slags in
Group 1! are slightly lower than those in graphs Vela and 2A. The
differences are such however that, as will be shown subsequently, it
is difficult to accept that t . is the only factor responsible for
the rcduced losses of Cu and li, and interfacial tension factors
may also play a part,.

4./ Increase in the iron content of the slags as in Group 1V (figure
V-4A) gives losses of copper and nickel comparable with those
already found for Groups I ard II (fige 14 and 24)., In slags in
Group V (figure 7-5.) an incr-:ase in the ircn content appears to
rerult in rather lower loscses of copper and nickel giving values
similar to those ir. Group III (fige Ve3A.)

On acccunt of the reduced partial pressure of oxygen in the furnace atmo-~
sphere the ferrous oxide content of the 8lug {s around 95y with occasional
drops to B8-90.. Consequently, the use of slags of rather high trivalent
jron - -tents was not done witn the aim to simulate conditione prevailing

{n t'. electric furnace., The purpose was rather to indicate the general
trend ir. copper ard nickel loeses that can be expected with the concentration
variation of the slag-forming constituents, This was anticipated to be more
pronounced with the higher oxidation potential of the slag. In general, the
effect of the change in the concentration of the slag constituents upon metal
losses corresponds with that observed by Ve juxoff despite the catirely dif-
ferent experimental conditions and techniques applied. In Vanjukoff's work
only the loss of coppel Was investirated. le also noticed a reduction in
solubility when gubatituting lime for magnesia in slags the iron and silica
contents of which were held reasonably constant at 15 and 45 per cent
respectively a8 against 1545 and 40 to 46 per cent of this study. Vanjukoff
investigated the effect of alurina on copper solubility and found it to be
neglipitinr. Mis observation ’s cf considerabdble significance to the present
gtudy because of the increase of al.0, crntents of the slags due to dis «

2735

solution of the crucible materials

The striking feature/...
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The striking feature of the results is the increased loss of the
metals as compared w~ith their actual dissolution in werking slags in the
plant, and the rate of increase of the metal loss with a relatively small
change in linmc and magmesia contents of the synthetic clags. This applies
to a certain degreec also to the effect of tae change of the iron content.
However, litcrature data on the effect of slas composition upon Iii losses in
the slag scem to substantiate these findings. In the work conducted by
Volskiy et al, (11) on similar quinnary systems a slag containing originally
40,85 840,54 15,6, ¥eU, 26,3y Ca vas used. in increase of the Cal content
to 30,5 and the decrease of the re0 to 12-13, reduced the nickel loster. from
0,2 to 0,055, A combined effect of basicity and FPeO was demenstrated by
reducing the Cal to 20" with the increase of 510, to 45, or, reaucing the
8102 to 38, and increasing the FeO above 16.., The result was ar increase
of nickel losses to the slag from 0,2 to 0,35-0,50/5% The mos* favcurabdble
slag composition was found to be: 41=43. 3102, 15-15w.Fe0, 26287 Cal,

810, 1ig0 and 5=0% A1205.

It has to be pointed out that, although the trend of metal losses
with the change of the various slag-forming constituents compares well with
that established in the present study, a quantitative ccmparison is hampered
by the lack of certain {nformations in the iwussian paper, such as type of
atmosphere above the slag, test duration, oxidation grade of slag, etc.

1hat the significant increase in metal dissolution is in no way
the result of viscosity effects only, becomes immediately apparent when the
change in loss values is plotted together with the viscosities on the same
graph as functions of the slag composition. (figures V-6 and 7.)s These
graphs clearly indicate that while the loss of copper and nickel increases
with the incrcase of the relevant slag-forming constituents in all five slag
groups, the viscosity follows always the opposite trend., It is therefore
obviouc that the rise in metal losses is not due primarily to physical
reasons i.e. - entrapment »f matte particles brought about by viscosity

effects.,
»* E 3 »

B series, The behaviour of glars of low oxyren potential,

Test series 2 and 3, called together B series, were performed with
a wiew to simulate conditions somewhat closer to those existing in operating
furnaces with low partial pressurc of oxygen ir the gos phase above the melt,
As the test rcsults have shown, there waa, apart from a few cases, very little
difference in the extent of copper and nickel losses in the two series. Thus

the addition of metallic iron t» the charge in order to reduce further the
oxidation state/.es
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oxidation state of the slag became effective only in the' 1t probably leac
to some magnetite formation instead of the pure divalent oxide.

The results are presented in figures 1B to 5B in the order of the
five slag groups. A comparison with the A series reveals a close similarity
between the effects of the various compounds upon the Cu and Ni losses in
both types of slag. lowever it appears thut with diminished oxidation po -
tential the change of metal solubility with the change of the concentration
of the components becomes considerably less noticeable. A further difference
s in the reversed role of CaO and MgO (figures V-2A and 2B), as in the reduced
slags MgO appears to be the more effective in increasing metal losses when
the total iron content is kept constant in both cases.

Slag Groups IV and V in Yoth series would indicate that the increase
of the total iron content would encourage metal dissolution despite the
decrease in basicity ratios, Cao.and MgO contents, the MgO being more
effective in suppressing the activity of the FeO. A striking feature in slag
Group V is that irrespective of the oxidation grade of the slag, in case of
nigh ( 26% ) total iron contents the metal loss drops very sharply (figures
V-5A and 5B). Some decrease in Cu and Ni solubility could of course be
expected by virtue of the drop in basicity ratios and Mg0 contents in con -
formity with the behaviour seen in slag Group II. Nevertheless the part
played by the increased FeO content could not be overlooked and will be

discussed later.

The Fe2+ content of the final slags with the exception of twc cases
was higher than 85 per cent in these test series. Generally, higher iron
oontents were associated with decreasing Fez*/Fo5+ ratios. Thus in slags
10 and 12 (20% total iron as Fe) the Fe2' content was 78 and 75% respectively,
whereas in slag No-15 (26% total iron) the value dropped to 65%

On the other hand, the inorease of the divalent iron content up to
as high as 100% in slags 9 and 11 failed to bring the metal values in
synthetic slags anywhere close to the level prevailing in working electric
furnace slags. On an average the laboratory tests indicated about 30 per
cent higher metallic losses than those observed in practical plant operaticn,

* * % *
The results obtained on copper-nickel solubilities with slags of
high oxygen potential in test series A would correspond by and large with
those, one could expect {n commercial reverberatory slags under oxidising

aonditions, Altman and Kellogg (1) have found that the oxidation state of
the slag in/...
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the slag in copper smelting is much closer to magnetite than to iron
saturation, Therefore it is useful to know the activity of magnetite and
its possible effects in the system. Experiment conducted by these authors
ghowed that primary magnetite crystals can contain significant quantities of
dissolved copper. Pertaining to ihe effect of magnetite on the dissolution
of nickel in fayalite-type slags Nagamori (7) has established that the
soclubility of nickel is very sensitive to the magnntite content of the slag.
while for example the magnetite co..tent increased from 6,8 to 12,9 per cent,
the nickel content increased almost ten times from 0,43 to 3,97 per cent. On
the other hand the solubility of NiO in the slag depends both on the silica
and magnetite contents,

The solubility of nickel in silica-saturated fayalite slags was
measured by Santander and Toguri (12) in experiments conducted at 1250 and
1}50000 For the relationship between Ni solubility and activity they

formulated the following expression:
2/3
N1 = 946 a0 1./

As a good approximation the equation can also be used for silica unsaturated
slags. From detailed investigations related to 1200° and 1500°C Nagamori

arrived at the formula
i = By, [(53.6 - 18,0 Fe/SiO2) + (=20,9 + 18,0 Fe/SiOz)t +
+ aﬁio(-371,6 + 204,0 Fe/8102)+(356,8 - 204,0 Fe/SiOa)t]

pere  t = (1°(k)-1473)/100  and 1.4 < Fe/510, < 2,1

Fe/SiO2 . ratio of the two componentis in the slag.
As calculations indicated, the solubility becomes less and less dependent on
the iron-silica ratio as the temperature increases above 1250 C. The
relationship between NiO avtivity and per cont Ni dissolved in the slag
based on the above expressions is depicted in figure V-8, As will be
obvious from the graph, the golubility of Ni approaches zero when the
activity of the oxide approaches zero from which Nagamori concluded that
nickel can be dissolved by the slag only after it has been oxidised.
Incidentally by the argument of Bailey and Garner (4, 13) the eame principle
holds true for the dissolution of copper. Therefore the reaction suggested

by kuddle, Taylor md Bates

2 Cu + Fe,0 = Cu0 + 2Fe0 3./
2
cu + (Fe)?t=(Ve) t 4 (cw)? 4./
or 2 Cu + 40, %™ CuD 5/

Fe05 ;__&o + 2 FeO
do not stand/...
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do not stand for the mechanism for copper dissolution bui indicate the

oxidation of Cu with ferric oxide supplying the necesuary oxygen. There-

fore they represent the oxidation of cupper prior to dissolution.

The effect of the silica and m.gnetite contents of a fayalite slag
on the copper and nickel losses are shown in figures V-9 and 10, The data
were obtained from the work of Nagamori based on the solubility limits and
rhe activities of Fe0 aud F9304 of Korakas (13), extrapolated to higher 8102
and lower NiO contents in conformity with the concentration ranges handled in
the present study., The combtined effect of 8102 and magnetite on metal losces
is obvious from the graphs. Taking for example the 0,1% Ni0O level in the slag
(graph V-9) the increase in 8102 say up to 35 per cent will not affect the
nickel dissolution as long as the magnetite content remnins unchanged, If at
the 35% 8102 level the magnetite content were increased from 12 to say 20 per
cent, this would raise the nickel content of the slag from 0,1% to 2%, Thus
the effect of the silica on both copper and nickel losses cun be correctly

defined only when the activity of ragnetite is specified.

The graphs relate to fayalite slags and, therefore, to conditions
where the presence of o*her slag-forming constituents, like CaO, MgO and A1205
do not excrt any influence on the metal losses. In this way they do not
fully represent relationships prevailing in electric furnace slags. When
investigating the dissolution of copper in fayalite slags for a given matte
grade Nagamori hae found that ihe experimental data were about 2;5 times
higher than tros: for commercial slags under oxidising conditions,
Nevertheless the graphs give an indication bothon a qualitative and
quantitative basis of the trend of the cnanges that can be expected also in
reverberatory or electric furnace smelting where the combined effect of the
gsillca and magnetite content of the slag is an equally important factor in

governing metal dissolutior.

Although, due to the relative constancy of the grade of matte
produced in the electrie furnaces examined, changes in the matte grade were
of no immediate concern to the present study. Its role, however is extremely
important in metal loses and ghould briefly be discussed here, Iven more 8o
since Themelis and Spira (6) did not find any relationship, aes against the
cussed observations, between magnetite content and dissolved

previously dirg
copper in the n8lag. Inotead, they noticed that under industrial smelting
conditions the disgsolved copper {ncreased with the magnetite content of the
matte. The maximum golubility of oxygen in matte is at the highest oxygen
potential at which the nlag-matte oystem can exist, this being controlled by

the reaction/...
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the reaction FeS + 3 Fe O oo . N
3 5 4 - 10 I‘eo EE .)O? 7@/
The matte grade increases as the activity of the magnetite decreases in

accord with Ruddle and co-workers. The eolubility of copper as a function

of matte grade and oxygen content of matle after Spira and Themelis is

given in fig. V-11, High oxygen pressures therefore are not conducive to

reducing the equilibrium copper content of the slag end these oxygen
pressurcs lead to the break-down of matie phase that is to the prevalence

of non-cquilibrium conditions. From an cquilibrium point of view the higher
the grade of mattc to be smelted the lower the oxygen partial pressure should
be to prevent a break-down of matte and, consequently, the occurrence of high
metal losses. In this context relevant to the present study ic the work of
Brown and associatcs (14, 15) in slag-matte relationchip, although their
investigalions were concerned also with silica-saturated iron silicate slags
resulting from converter operation, 1t was found that for any particular
matte grade therc wags an oxygen partial pressure below which the matte was
stable but above which the matte broke down with the evolution of sulphur
dioxide and the precipitation of a sulphur-rich phase. The results are
summarised in figure V-12 indicating the minimum oxygen pressure for any

patte grade needed for conversion to take place.

In case of copper smelting, with high grade mattes the Cu content of
gilica-saturated slags varied linearly with the matte grade up to about 60
per cent Cu in the matte (15). Concerning this point Japanese investigators
developed an equation related to 130000 according to which

per cent Cu in slag = 0,00533 X (%4Cu in matte) 8./

With regard to lower grade mattes the data supplied by Nagamori (7) can be
regarded as conclusive, especially because they relate to commercial reverb,
slag.. These are given in figure 13. The range of copper content in the
electric furnacc matte at RPM may vary beiween 9 and 12 per cent which,
according to the graph would correspond to an equilibrium copper percentage
of 0,10 to 0,14% in the glag (total dismolution). Practical operating data

tend to support these findings based on experimental evidence.

Figure v-14 shows the activities of FeS, FeO, CuOO,5 and CuS in iren
and silica-saturated matte. Then with these data the per cent copper in

sulphidic dissolution can be expressed by

(% cu) = (0,395 8) 8gys ; 9./

or (% cu) = (0,695 8) %¢u,s 10./

“he sulphur conient/...
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The sulphur content of comucrcial reverhcratory slagé as a function of matte
grade from the data of various plants reprecenting low-grade matte 1s gshown

in figure V-15. ''he equation of the curve may be expressed for the gul phur

content of reverb slags as

45 = 2,2 - 3,15 + 1,250° 1./

The oxide solubilily of cuprer based on the results of Ruddle et al. (2) and
Altman et al., (1) is given by

Cu " 5

(% ) 3)19 acuo 12’/
0,9

With these equations for any particular matte the copper loss can be

estimated as it is given in figure V-13, where the total dissolved copper is
the sum of sulphidic and oxidic dissolution:

(% Cuyyy) = (% Cu)g + (b Ou)gy 13./

Involved in this line of thinking is the p.actical observation that the
magnetite content in comrercial reverberatory slags does not exceed 5 to 10
per cent. In electric furnace slags the nagnetite level is even lower.
Since by the oxidic-sulphidic dissolution concept of Nagamori half of the
copper dissolved in the slag from lower grade mattes is due to sulphidic
dissolution, in order to reduce copper loss especially in case of these
lower grade mattes, the sulphur solubility in the slag pust be lowered.
Similarly, lower oxygen potentials would be advantageous to keep the oxide
losses low, Under average electric smelting conditions, however, the
sulphidic dissolution, or solubility of sulphur in slag appears to te the

most important factor governing the metal losses.,

The partial pressure of S0, {n the furnace gases that could be

expected from slag-matte reactions may pe estimated as a function of matte

grade with the data of figure v-14 and from the reactions

FeSH 4 } Feaod;\ 10 FGO + 802 see I

K 10 3
1 = (aFeo ® p802)/(aFes‘ aFG}04)

Fe O ::3?90*#02 oocII
and

- (“3eo 'pOi)/(aF9304)

The equilibrium conntants of the formation of the various compounds in the
above rcactions is found in relevant texts (Bee e.8.1 Barin I - Knacke O
Thermochemical properties of Inorganic aubstances, Springer, Berlin, 1973),
then in the knowledge of the constants K1 and K2 eventually Pgo will be

given as shown/ . e«
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given as shown in figure V-16 for matte grades from O to 20% (u at 1400009
These are very low values indicating that the sulphur content of the furnace
gases is in no way the result of slag-matte reactions. Rather, the PSO part
of the total pressure of the gases (these reach on an average 2 to 4 pe% cent)

is due to the oxidation of concentrate above the molten slag-matte bath.

As Nagamori himself noted, the distinction between sulphidic and
oxidic metal dissolution is only imaginary because the copper in the slag is
assumed to be in the form of copper ions in both cases. The concept was
introduced solely with the aim to facilitate the understanding of metal losses
to the slag. A similar concept was advanced by Sehnalek and Inris (5) who,
however, made a true distinction between sulphidic and oxidic losses and

derivea the expression
(%Cu)loss " I’L‘:(NCuZS)/(1 - NCuzs) + B(NCuzs)] 14./

where Cu28 gtands for the copper tenor of the matte and A = 0,046 and B =
0,3368 at 1400°C. The first term of the expression represents copper losses
arising from CuZS solubility which, at constant temperature and silioa
gaturation is only a function of matte grade and FeO activity in the slag.
The second term represents Cu lost to the slag due to Cuas dissolution which,
under given corcitions, depends on the matte grade only. The idea of
simultaneous diasolution as sulphide and oxide became strongly debated and
as a modificd expresesion suggested by Da.2y (19) could probably be regarded
as a more general approach based on one and not two separate species, that

is either Cu20 or Cu.S. Then with the equilibrium constants of the reactions

2
Ccu0 + FeS CuZS + Fel 15./
and Cu,0n 2(Cu*) + (0%7) 16./
a s &
Kl - aFeO Cuob | 17'/
2
a_ + . a?2-
K, 2 18./
Cu20
2
where aCu20 - Kz(%Cu) 19./
Then the per cent copper in the slag is N
(%ou) . = A|[—a2E— 20,/
8l l1 =N
Cuzs
a
and A a2 = 21,/
~1 2

with the data/..s
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With the data supplied by Ucehnalek and Imris the copper dissolution at three
different temperatures was calculated as shown in graph V=17, The difference

between the results obtained by expressions V-14 and V-20 is not significant.

A comparison of figure V=17 (equ 20) with figure V-13 (equation 12
of Nagamori) reveals a very good agrezment between the two sets of results.
For example iu case of matte grade produced at RIM with copper content of 9
to 11 per cent the estimated copper losses at l}OOOC would be 0,14 - 0,16
and 0,12 ~ 0,14 per cent respectively.

Phe activity of FeO in silica-saturated fayalite slags was found as
8100 = 0,39 by Toguri and Santander (3). With this the activity of Cu0O and
the copper dissolution could be calculated for various matte grades as shown
by the dotted line in fig. V=-13. Under the operating conditions of the
reference electric furnaces with the high 40-42% SiO2 contents of the slags,
the produced slags are probably close to gsilica saturation while the
magnetite content is apparently lower than that reguired for magnetite
saturation., Therefore the rcgults of investigaidon on gilica and magnetite -
gaturated convertor slago canrot be applied to them without due regard to the
effect of the siz~able quantities of other importaat slag-forming con -
stituerts like Ca0 and MgC. Nevertheless, with regard to copper losses the
jndicatior. is that the copper loeses estimated by the method of Santander and
Toguri would represent by and large average louses in the electric furnace
slags at RPM. On the other hand, the results of the solubility tests per -
formed witn slags of high oxyger poter.tial would correspond to thoee that
can bte estimated ty the relatiornships deduced by Nagamori and also by
Sehnalek ard Imris. Furthermore, calculations performed with the equation
propozed by santander and Togari would suggeat that the soluble copper
reprcuenuaapproximutcly 50 per cent of the total losses, the rest heing due

to entrainment losses.

With regard to reverberatory smelting it wae also found that in a
slag containing about 0,4 % copper half of the metal was lost because of
dissolution (17), while according to Vanyukov and Zaytisev (18) ihe loss by

dissolution amounted only to 20 to 30 per cent, and the rest was due to

entrainment lossen. (18, 19, 20),

Pertaining to nickel losses the effect of matte grade was studied
with the aid of FMIF measurements by vatolin et al, (21). Mattes containing
about 1L Ni were acsociated with 0,05 to 0,1% loss, those with 21,3% Ni
content 0,08 to 0,24% Nj louses to the plag at various slag compositions,

The loss by/sss
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The lo:u by chemical discolution was estiamted as 30 to 50 % of the total,
In case of lowar grade mattes, however, it will have to be pointed

out here that the relationships derived from operating practice do rot

necessarily follow thosc outlined above on the tusis of theoretical

considerations, Thus for example when practical results of the equilibrium

of the lewer grade mattes and slags were examined it wes found that no
gimple relationship existed between the copper tenor ol = slag and the

grade of ihe matte with wnich it was in contact. (22).

2./ Slag composition and slag-matte zeparation.

Practically, the composition of the converter glag has = important
bearing or the electric furnace alag., From the converter the c..g is
returned mclten to the elentric furnace and joins the slags .ormed by direct
smelting., Tne ferrou: oxide origiuating from converter glags is necessary
for cuitable final slag conditioning. #xperience at Rustenturg has indicated
that tne minimum of ferrous oxide that can be considered for successful
furnace operation, i.e. good slag-matte separation, should be about 11 to 12
per cent. (23). Thic may partly be due to the facts that 1./ with the
decrease of the FeO content the liquidus temperature of the sl g becomes
more sencitive to changes in temperature (see Section 1I) and 2./ the
viscosities become more temperature conaitive, (ibid.). The results obtained
in the precent work {ndicate that the incorporation of ferrous oxide from

converter slag, that is the increase of FeO. makes the slag more tolerant to

composition and temperature changes.

Latoratory test work, results and discussion.

On accrunt of the considerable practical implications of effective
plag-matte separation, for basic orientaticn purposes as regards the effect
of FeO and also of basicity ratic, a series of testis were conducted using

various slag componitiims outuide the range of those studied sofar, 1n

choning the new slag compositions the objective was to keep a,/ the Mg0/Ca0
and tne tasicity ratio constant and alter the ferrous oxide contenty

b,/ keep the Mg0/Ca0 ratlo and the FeO content of the slsg t and

alter the basicity ralin.

The mode of slag preparation was identical to that described

earlier, lere too the slags were premelted in platinum crucibles  hen,

after cooling, cruched and mixed with pulverised matte in the ratio of

3 to 1, Heating of the mixtures wan effected in the same vertical tube

furnace for a/...
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furnace for a duration of minimum 2 hours at a temperature of 140000. After
the completion of the runs the crucibles were placed in cold water and the
samples shocke.cooled, then dried and their weight lous recorded. Finally
the matte butts formed in the process were carefully separated from the
cracked slag matrix and weighcd, Due to ihe general character and aim of
these investigations the weighte were recorded only for two digits after

the decimal point. Slag compositions and test results are compiled in
Table V = 1. The weignt of matte buti here refers only to that representing
the coalesced iratte found in the tottom of the solidified melt as a
distinctly separnte, coalesced phase, while the rest of the matte remained
dispersed in the slag in well-noticeable smaller globules which werehard to
gseparate from the matrix. From the results it would appear that at the
basicity ratios investigated, even at low FeO contents clear separation
between slag and matie occurred, but part of the matte, about 1/3, remained
dispersed or suspended without coalescing in the slag. Above 9 per cent ¥eO
content the separation of the two phuses rapidly improved. The weight loes

of the samples increaced with the increase cf the FeQ content.

There results would indicate that the role of t:e iron oxide in
causing difficulties in phase separation is supported by an other, probably
equally important factor in case of the particular slags concerned, namely
by the tasicity ratio. The indication is that even with FeO contents in the
slag that could te regarded . normal from a furnace operation point of view,
high basicity ratios with increased CaO and NMNgO values could lcad to conditions
at which no separation of the matte from the slag would occur. The reason
for this is most likely the rise in slag viscosity and liquidus temperaiure
brought about by the enhanced CaC and MgO and the reduced Si0, contents of
the slag. Foprcially in the period of start-up or re-starting the furnaces
when conditions with regard to purden composition are gtill unbalanced; the
likelihood for high baaicity retios alwaye prevail while, in the meantime,
the FeQ mipht drop to a low level., Therefore the decreased Fe0 level could

easily be regarced as the gole cause for the difficulties encountered in

vlag - natte separaticn.

Other test serins conducted with the same objective but using
different experimer = techniques lead to the same conclusicns. (24).
Murthernore it wan found that for effective separation about half of the
lime flux covld bo replaced by silica addition, Practically this means
that an increase in the 510, content of the concentrate would be beneficial

in reducing the flux and {hereby the gangue quantity which would lead to a

reduction in slag volume i.e. to a decreased ratio of nlag to matte produced.

In general/...
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Ir. gene the TGOS
general, the return co.averter slag assistc In lowering the melting

point and viscosity of the final diccard zlag. As mentioned carlier,
"goluble" or "non-soluble" copper losses arc mainly functions of the oxygen
potential of the slag (2, 14, 15), and as a consequencc, because of their
high FeO content and resulting higher oxygrn potentisl, converier slugs are
probably the dominant factors in non-sulphide, i.e. chemical or electro -
chemical copper logses, If, au in the case of the i smelters, the amount
of FeO ard other iron c«ides entering the divcard slag is relatively
constant, then the chemically lost or dissolved copper chould also be a
conslant factor. See in this instunce L.k. Verney's reference to reverd

furnaces in (25).

llué Aspects of slag optimisation,

1,/ Surface tension and interfacial tension in matte settling: their

role in slag optimisaticn.

Aps rt from viscosity, the rate of settling could be markedly
affected by the interfacial tension betweer the molten matte and slag. When
the interfacial tencion is low, the matte is wetted by the molten slag ané
the settling velocity is reduced, (On tne effect of surface activity see
ref.26,). The tendency for coalcscence should increasa with increasing
interfacial tension but +he ability of the pariicles to coalesce when in
contact, will also depend on their viscosity., The lower the viscosity the

better ie the tendency to cocalesce.,

The tenlency fer particle coalescence 18 governed also by the
physical character of the concentrate to be smelted. In this instance the

observation made by Johannoen and Wiese on particle coalescence has already

been referred to in the previous section. King (27) stated that a high value

of interfacial tension, i.e. the difference betwean the surface tension of
the slag and matte, will cause a stabilising effect on the matte Aroplets

and render them less liable to break up, thus giving a cleaner s povation

between the two phases at the interface, The highest surface tension in

molten silicates accompany the strongest binding and lie between the ionic

and covalent type bonding. Thin property can be calculated by use of

gpurface tension factors of oxiden and the jonic potentials of catiouns

(= Z/r where 7 the valence of cation and T is its radius ). Thus Boni and

Derge (28, 29) using experimental cata obtaincd for the system CaO~I'eO-

AL 0 -510, were able to derive an expression for estimating the surface

b)
teneion of/ +s
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tension of various slag-forming oxide constituente,

o Relutcd to a temperature
of 1400 C their expression is:

Vgo00 = (Fe0)x5T0 4 (740,)x285 + (AL,05)x040 + (60)x608 + (MgO)x512
dynes.cm 24./

in which all convtituents are given in mole fractions, This equation was
now applied to all the synthetic and plant slags inves<igated in this study
and the resulis of calculations for synthetic slags are given in figures
v-18 and 19, As will be apparent from the graphs the magnitude of the surface
tension in the slags is bLetween 450 and 500 dynes.cm. and tends to increase
with increasing total iron, Ca0, Mg0 content and basicity ratio, and to
decrease with increasing silica content, whenx," and { are ghown in a
simultaneous represeniation au being functions of the slag composition at a
temperature of 1400°C. It is interesting to note that in slag Groups I1I,
IV and V this increase up to approximately the optimum slag composition
range is moderate then it tecomes more rapid with the change in chemical

composition,

The surface tension of Ni5S2-FeS and Cuzs-FeS systems was wore
recently investigated by Zaytsev and co-workers. (19). According to their
yesulte the surface tension of a matte containing the same runge of Ni and
Cu sulphides as the RIM electric furnace matte is approximately 360 dym.cm.
This rather high value would ensure the necessary stabilising effect through
the entire compocition range of the synthetic slags and also of the plant
slags for affective separation. Therefore the interfacial tension aspect
does not seem to play a decisive part in these glags. Obviously this refers

only to the equilibrium syetem of tic final slag in the settling zone of

the furnace.

In conriection with the considerations outlined above & bvrief
mentior. rhould be made here of the effect of 302 bubbles upon matte carry-

over by the 8lags Sulphur dioxide gas is formed by the reaction

2 Jﬁ4 + FeS = 10 Fel + 802

Invectigations ON trar v and flotation behaviour in matte-slag systems

jndicated (30, 31) that
a./ the flotation of droplets is favoured in all matte-slag systems

v,/ eilica saturation in the slag tends to inhibit film stability

and reduces matte transport into the rlag

c./ the replacement of FcO by Cal in the slag tends to encourage
the formation of a stable matte film, Furthermore, as con -

firmed by the work/...



w0 4od 064 6t gt ¢t 9t g _r £t
Fru v S U
2y, PO e L o't 6°0 8’0
4 ) ] @ ® ® &
- 0 08%0 s’ oLto s9%0 09%
Fwos 8 P Lo 90 * .
T ¥ - 0§ ) L4 , 0°e
N -
oN.o.“‘ 02%0 - 6%2
. -
8z°0 z2°0 . !
- R , €
0"l yz*0 -
n =9 °.n
&0 92°0 - ~
~ - »
’ 3 m~
i - gz%o o ’ [
2,007t 3,007t .
..uo._..!o -
A31A130rpuUOD T 143083 oot
N - ¢
) L esed |}
s
11800847 %.o. .7
9,067 2
0,000 b

1 2NGEO O¥TS 804 SINZNGUNSY3N
ALIAIIONONOD T2 1810313 GNY ALISOOSIA rObd NO111SOIN00 9VIS M1 1dO 0z - A by



(% 2d

-

Juas sad o5 or or
3 _ 3 2 s\
[ A ] - v L
queo <od 0w 61 +13 L 9t
oo Jad o4 (N0) gt 9L 124 ot
&
Y ] . | L - st
2% . e
ez%0 - .4 . 0°2
zz'0 1 64% o
2o - B
. FNOO R - ﬂhN
[} o/ -
920 ~ see ]
, L T ¢2% -
oy - 8
0 050 d L 0%
. L4 B
' ~ i
[ p=
©°0 2%
3,067t } i - %
[ ]
ss'0 4 6907 A
. . 15°0 \ - 0%y
coowv . 08Q—. o/\
[
€270 =~ W r~
3,C0vt L X

_\.I._o £} 1A139npu0d | 821439073

ALIALLIN

‘Al NOZO YIS ¥OY SINIGUNSYIN
GNOD WO 1HAD3T3 ONY ALISOOSIA WONJ NOi 11SONC ovIS Mniid0

1£9 18008 {A

esjod

-55%0

¢*z 4-25%
0% -+ 65°0
cs -t 19%

2 t
osvi’

- $9°0

7. $9%
e

.8~m

12 - A nbyy




.o'
-

z

queo sed OIS or 2y 44 9y
[ [ 4 [ WP | I | JDE S {
| g [ B ot LS R ] 1
quao Jod ‘0bn 61 gt LY 9t ok rt
usd Jod o3 S0 OZ gt 9t 145 4} or
. _ _ L ]
T ¥ ~t ¢ ¥ E 2] A . Oﬁm,
92*0
1T z2* .
- . L ¢%
azod 0 oo ‘
7 . 0°C
i 220
920 - 0
050 - ] g
»2°0 - ) . . gfZ M. m..
-1 820 - -
e =
=% {1 9z%- <8
- 0% 2
] =% 1 35
| s R
™~
6n o
‘ﬂ ° Nﬂno - L, nﬁn b 3
0c£%0 o
J ) [8
3,057t
<%0 - LY — ) I . o'y
uoowvv oooer a 050t €
K1 1A 1307PUDD |8D14329 o
Tﬂe_o YIALPMP 1991432913 uoown-. P4
et b
-]
*A  GNOHS OVIS HQY SINBNIMNSYIW
ALIATLONONGD TYO 4123 T3 ONV ALISCCSIA wOud NOI1ISOdRIC 9VIS WK 1id0 Zz- A enbyy



(04 AT 0G*2-G0*¢ .
00T ofz¢0-L12°0 OT*E-ov e LL*C-1L*0 o‘2h-0°oY 0°T2-0°91 0°GT-0°¢T 0*g1-0°91 Z®IS
Jueld
(6¥1-00VT 9L2*0~G€20 g91-¢hée °3su0d *38u0) Gecy-cezy 2°02-8°6T 8°9T1-9°91 “38U0) A
9L°0 . s 0491
- & ) [ [3 - L o o~
0S¥T-00FT 062¢0-022°0 89°T-¢¥'e  3SUD 38U0) Ge¢p-Gtey  0°02-L°8T  -qgmop 1°9T-L°GT AT
LL*O ofo2
(s[4 a%al0 0} At 092c-¥z2*o GL'T-69°2 *38U0D GLeO-CL*0 9¢v-O°el ~385U0) G‘91 2°6T-0'¢t 11T
0‘02
oSyrT-oovrt 0L2*0-622*0 06°T-06‘C 0¢*1-G6°C glec-¢L*O - ~48U00 C*91-G*GT *3Su0) II
o*oe 091
corl og2t0 n6te G6*0 yleo-elto o‘eb-Giev *385U0) *38U0D ¢*GT-0°G1 I
s Huﬂo.asﬁso sstod W p—
© A3TATIONPUOL  AIISOISIA [CA) £y1018%¢ Cots 03d (04" oed
uot3Isodzod
s3uex Fe1s wumrido 3® dnoxn
£3 TATIONPUOD ¥ A21S008TA

sanyeISCUIL

uot3Tsodwod uwmyido 3e sjuen3 T35uU0d Jeis

jc aduey Fe1s

. 3

mHm‘OﬁumUvnmw‘wo%m»mv F3TAT3OT

PUO? Teo14340919 puv 4371500874 wod J

“2 = A °1qE=L

covdaﬂvmw‘maoﬁawwoaﬁomuwdam WOW T340

et e e ety e g ——




-~ 124 -

db ! ) " rens ,
firmed by the work of roni and ierge (28), an increasing ratio of CaG/Fe0

at constanl {10, increuses th i
2 he © s1ag/rac (interfacial tcnsion between slag

) e e
and gas) whereas increacing  temperaturc increases ¥ bt

decreases )® matte/slag

elag/gas’

Although the relevance of these aspects to the operation of the
electric furnaces ic obvious, from considerations made carlier in connection
with the partial Dr?ucure of 50, in the electric furmace gases, the extent
of interaction srou.d be rather limited. Without large amounts of magnetite
in the slag the presence of 302, as it was noted, should be mainly tae result
of the oxidaticn of concentrate on the top of the melt (the furnace is run
under a slight negative presuure) ratner than of chemical reactions occurring

in ithe bath proper,

2./ Mode of slag optimisation pased on the viscosities and electrical

conductiviiies of the synthetic slags investigated.

Since viscosity and electrical conductivity exhibit two opposite
trends on the change of composition in a given slag system, their inter -~
action as a function of slag composition might serve as o basis for the
best type of slag for optimising electric furnace performance. One way of
approach toward this goal is to utilise the graphical representation of the
viscosity-conductivity curves whereby the point of intersection of the two,
in most casen parabolic, curves projected to the composition axis may be
regarded as the moat desirable slag composition. Graphs 20, 21 and 22 have
been drawn in this way. Table V-2 gives the suggested optimum slag com -
positions read from the graphs in the temperature range ghown in the figures
together with corresponding viscosity and conductivity values, For com-
parison it contains aleo relevant data on glags of the type presently
encountered in the operating furnaces, The salient points that emerge

from the data of Table V-2 are!

a,/ The narrow range of composition, viscosities and el ectrical

conductivities wi-hin and also among the various slag groups.

This could be expected because of tho nature of the method used

for optimisation. The trenda detectable with the optimum values

would indicate eome difference in viscosities between Groups IV and

Vv when Ca0 ie replaced by MgO.

b./ From the comparison between optimun and actual slag composition 1%

pear that the FeO and Cal contents of the plant slags are
y somewhat higher), while MgO is

would ap
{n thc optimum range (CaO probabl
lower by about 2 to > per cent and the SiO2 by about 1,5 to 2,0

per cent/eqs
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e M o ) .
per cent rom a practical poinl of view lhe increase of the Mg0 content

to that of the optimum would

increase the clectrical

of the plant slags from the prenent level
probably somewhat lower the viccosity and

conductivity, but mipght aleo increase the liquidus iemperature, although

this does rot seem to be subrstuntiated by results obtained on the behaviour

of MgO in slag Group II.

c./ The viscosity rang. of plant slags tapped from the furnaces is
noticcably higher than that indicated by optimisation calculations.
On the other hand the difference between relevant ccnductivity values
is not sigmificant but tends to be lower than thal of the other groups
in Table V=2,

d./ The effcct of temprrature on the optimum compositione is negligible in
all five groups, fig. V-22 ghowing this in case of Groups IV and V.

* * * *

With a view to control purposes {t was thought to be of some interest
to follow up the viscosity~conductivity-slag ccuposition relationship by the
formulat ion. of some guitable mathematical functions, The objective here is
that the exprcesion ghould incorporate at least two of the most influential
slag componants tne importance of which is being Judged on the basis of
relations outlined in figures V=20 to 22, then either Kor ".

The descrited methoi used for finding the optimum slag composition
from viscosity und electrical conductivity plots is based or. the general
principle of optimisation from the intersection of two curves, Let for
example the conductivity and viscosity be functions of say the concentratiop

of component A. In {ts simple form this is an unconstrained optimisation

protlem becausc, within a reasonable wide range, one is at liverty 4o choee

any value for the slag component, Then finding the optimum value by the

intersection of the k-v\plots may be performed the way as {1lustrated in

graph V-24, The obtimication curve 7(x) is obtained by adding up the

corresponding (equally gpaced) disfhces below the curvilinear plots of kand

u Naturally in case of *wo intersecting parabclic curves or a straight

linc intersecting a parabolic curve, the minimum of the resulting plot will

always lie above the point of intersection cf the?:-”)plota. Only in case

if ¥ were repreaented by o parabolic and 9 Ly a hyperbolic plot or else, if

with the purabnlic curves one would change nign and drop bolow the x axis

would a shift in tae minimam of the optimisation curve oceur with respect to
the point of {nternection, HOWEVET, duc to the general trend of viscosities

and olectrical conductivitiea with th
materialise,

¢ change of slag composition, these

ould virtually riever
conditions woul( e optimiginﬁ/“'
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When optimising slag composition with regard to electrical
conductivity X and the concentration of slag coiponents N and Cy it was
4

found that the equation given below will represent the relutionchip among
the selected variables:

c / ¢
4 = erf (——-—L> erf ( B \ 29./

2 VK 2w/

The practical application of the function will be illustrated on
slag ¢roups IV ard V, involving electrical conductivities only es dependent
variatlrs, The basic data used for the computationc are compiled in Table
V-3, In order to complete the conductivity plots arnd ensure their adequzate
continujty, from the available data points further values were generated.
This was accowpliched by the increment method on the tvasic prirsiples shown
in figures V=25 and 26, giving thc solution of K= 1 (c) for given ccndustivity
< k'<?(2 etc., Naturally,

171
the incrementAc was adjusted according to the slope of the curves: when

and concentration (c) values, in the rauge of say K
this became larger, the value f increment was decreased.

The resnlts relating to the mentioned slag groups are given in
Tables V-4 and V-5, FYor the purpote of rewaning in the adequate resgion of
the erf(x) values, f¢» computational purposes the concentration of the
reference siag comporent (given as weight per cent) was divided by 103@ that
is expressed as wt‘,‘!oclo'3 and was evalunted as such from the tadle of error
functions.

Since the test results {ndicated that in all slag groups ander
investigation the SiO2 content and thus the basicity ratio defined as
(CAO+MGQ)/5102 rad a strorg influence on both viscosity and -lectrical
conductivity of the glags, it was attempted to involve 5102 into the mode of
estimation of the 7 functionr. lowever, Sio2 denreases with the increase of ki,
therefore the values of l--XSiO2 were used instead of xSiO » The values
obtained in this way were large, 80 they had to be miltiplied by an arbitrary
multiplication factor, in this case 0,3, in order to remain again in the

converijent reglon of erf(x) sct for a0 end Cre® Taﬁing slag Group 1V as
an example with exporimental results obtained at 1400 C Tatle V-6 gives the

resultu of computation in the composition range of the slag investigated.
The reeults shown in thege tables are plotted also in figures V-20

to 22, As will bte dcen, at the optimua value of the pertinent slag

constituents the plots exhibit in all cases & marked inflexion or "kink"

which bccomes morc noticeable aB the curvature of the plot increases.

Naturally 1t should be/...

(VL P
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N al’ .
aturally, it should be emphasized here that the equation used for the
estimi.i ' . .

t.ion of 4 (equ, V-29) is, in a true sense, under no conditions an
optim unation function. The basic equation it is derived from corresponds to

,rancient heat conditions or diffusion in a two-dimensional domain.

3,/ Yractical expectancy of the suggested rode of optimisation,

The practical application of the suggested technique of optimising slag
composition on the Lasis of electrical conductivity and viscosity measurementis
will be discussed in the following on two examples which may serve as
{llustrations of the merits and shortcomings of the method, The first cone
deals with the pissibility of predieting the relative rate of furnace
production. The sccond one concerns {tself with tre question of optimum
slag compocitien contoures, whot.er it ie possible at all to delineate such
contoures ir order to find the optimum operat ing range of an alectrig, or in

fact any kind of smelting furnace,

3.1./ Slag composition and relative rate of production of furnace.

Since the composition of the slag, on account of its effect upon
viscosity and electrical conductivity is one of the prime factors that
stipulatea the production rate of the furnace, it is of great importance
that the composition of the charge (concentrate) then the quantity of flux
and of the return slag should, as far as possible, remain constant throughout.
the operation in order to secure a slag of constant composition. As the
results of the latoratory tests indicated, even with the narrow range of slag
compositions very subntantial, 30 to 50 per cent variations in viscosities
and electrical conductivities were associated. The effect of these
variations upon the electrical operating parameters of the furnace, as it is
apparent from figures 111-4 and 5, is also very significant, It is in this
fact that the conversion of the calculated data into actual furnace pro =~

ductivity on the basis of the measured electrical conductivities is made

rather difficalL,

For the {1lustration of this point let slag Group 1I serve as an
o

example, The plot relating to 1400 C in fig. v-20 shows an optimum slag

composition at 15,5 per cent MgO. The conductivity of the slag at this

point is 0,229 ohm-l.cm' . With the decrease of the MgO content to 13 per

-1 -
cent it decreases to 0,200 ohm '.cml A
to 0,273 ohm™ .cm . From fig. V=27 (which ie the

1, whereas at the maximum of 19,0 per

cent Mg0 it increases
corresponding graph ghowing furnace operating parametere), at the optimum

plag composition/...



Figure V =28 LINTTIRG MATTE PHILL S1ZE IN PARTICLE CARRY = OVER
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slag composition in the operation range of the furnace the current drawn
would be 18,5 kA at an electrcde depth of immersion De/2 (=0,525 m) or
17,5 kA at a DG/B deplh of immersion, By the graph 18,5 kA is equivalent

with 18 MW power input which, upon lhe decrease to 13 per cent Mg0 co
in the slag would rise to 19,9 MW, fi.e. beyond the rated transformer
capacity of the furnace, On the other hand, the increase of conducti
to 0,273 Ohml'l.cm-'1 would result in the decrease of the power input (
constant 18,5 kA) to 13,7 iW, which, of course could be balanced out

ntent

vity
at a
by the

appropriate alteration of the tapchanger position on the furnace transformer.

At constant current this would mean that the decrcase of conductivity in the
above proportions (i.e. from 0,229 to 0,200 ohm'l.cm"l would bring about a

proportionate increase in throughput of /1,0 - (18,0/19,9)/ x 100 =

per cent, whereas the increase of conductivity from 0,225 to 0,273 ohm ~,om

would be equivalent to a decrease in throughput of /1,0 - (13,7/18,0)
23,8 per cent, 4
Obviously these large variations in throughput would never

11,05
-1

/ x 100 =

materialise in practice primarily because of the al-ready discussed great

difference in the variation of the components between syntuetic slags

and

plant slags. Therefore the graphs representing furnace operating parameters

should also be viewed in this context.,

The practical implications of slag composition change versus
viscosity and their effect of changes in productivity are somewhat si

mpler

and may be estimated with reasonable certainty. On taking again slag Group

11 in fig. V=20 as an example, at optimum slag composition the viscos

ity is

2,9 poise at 1400°C. Let the averag Ni and Cu content in the slag be 0,0y

to 0,1 per cent and 0,06 to 0,08 per cent. Wwith an average Ni content of
17 to 18 per cent in the matte (1.e. roughly 1/5 of its weight) the matte

contained in the slag would come to approx. 0,5 per cent. About one

half

to 2/} of this amount can be regardcd as being entrapped at an average slag
viscosity of around 3 poine at 140000. Based on these data the percentage
loss in matte due to increase in viscosity was estimated with the use of
fig., V=28 for four different levels, viz. 0,2, 0,3, 0,4 and 0,5 per cent

matte contents in the slag., The results are summarised in graph V=29,

With the chosen range of 0,2 to 0,5 per cent it is by no means construed

that at 1400°C and at a reference slag viscosity of 3 poise four matte

levols can coexist when both temperature and viscosity are being fixed by

the composition of the slag which was regarded as being unchanged. With
the selection of the above loss figures it was rather intended to illustrate

the effect of temperature when the slag cools from say an average 1390 -

140000 in the production zone to the temperature of tapping, eay 135000.

Such a drop/...
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Such a drop in temperature may changc the viscosity from 3 to over 5 poise.
Now if the losues due to entrapment are taken as a maximum of 0,5 per cent
(which in the operating practice of the reference furnaces would be an
exargerated valuc for matte losses), then from fig, V-29 tne quoted 2,9
poise would represent approximately 0,49 per ceni loss, An increase of

the Mg0 content from the optimum 1%,5 per cent to 19,0 per cent ( the
highest 1limit investigated) will lead to the decrease of the viscosity to
2,5 poisc (see graph V-20)., Now with the aid of fig. V-29 the upward shift
on the line drawn for 0,5 per cent matte content of the slag | = 451 poise
will correspond to a new matte loss of 0,6 per cent, while the shift down-
ward to 2,5 poise to a loss of 0,45 per cent. From this the proportionate
decrease of loss due to viscosity effect will be /1,0-(0,49/0,60/%100 =
18,3 per ceat and, with an increase on the opposite end it will come to
/1,0-(¢,45/0,60)/x100 = 8,2 per cent. These are relative percentages or. the
originally present 0,5 per cent matte content of the élag. From the hourly
production data of matte (4,5 tons) and slag (21 tons)(see Ref. 32) the
actual matte loss in the slag would ve(21,0/4,5)x0,5 ~ 2,4 per cent, thus
the absolute volume of increase and decrease in matte production upon the
effect of viscosity would amount to 0,43 per cent and 0,20 per cent
respectively. This calculation when extended to the rest of the slag groups
resulted in similar matte gain and loss figures.

),2./ The question of voptimum slag composition contoures”

With the available experimental data on the physico-chemical
characteristics of slags and v ‘h the suggested mode of optimisation the
question might reasonably &' . whether it is justified at all to speak
about" optimum slag comJ« ;4+.0n contoures” in a ternary or quaternary
phase diagram involvins ..e most influential constituents in the operation
of the furnare., This question appears to be well-founded by the findings of ‘
the present study which would indicate that from an optimisation point of
view there exists only one specific composition range that would secure best
results for the operation in the context of the special conditions obtaining
at RPM, Lven a 1imited deviation from this optimum could bring about quite
substantial changes in furnace operating parameters and might lead to a

noticeable deterioration of the economy of smelting.

As shown above the effect of the changes of the physico-chemical
characteristics of plags appeared to be considerably different depending
on whether the viscosity or electrical conductivity was chosen as & basioc

parameter. These calculations were extonded subsequently to the entire
composition range/s..
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compositi . : .

. po . on range of the synthetic slags investigated and the effect of the
an

c ge. n viscosities and electrical conductivities upon the change of slag

composition was projected to the relative throughput in the electric furnace.

The results of these calcvlations related to slag groups IV and V are
shown in figure V=30,

The difficulty of defining the contoures of optimum slag composition
with synthetic slags becomes immediately evident from the graph., It was
noted earlier that the estimated large variations in electricsl parameters
(which eventually determine the rate of material throughput) caused by
changes in slag composlt;on would hardly come about in practice because
A./ the sizeable difference in the change of components between synthetic
and plant slags and B,/ the large number of variables involved.
Nevertheless, the outcome of these investigations indicates the poor
reliability of attempts aiming at the definite demarcation of composition
ranges on the basis of laboratory viscosity and electrical conductivity
measurements, thought to be best guited to bring about maximum efficiency
in furnace operation. In practice the relative indifference of working
units toward variations in the two most influential slag components, MgO
and FeO, beyond those limits that could be tolerated from optimisation
considerations adds further doubt to the quantitative merit of these
attempts. For purely qualitative orientation they may serve a more useful

purpose.,

The foregoing considerations can be further illustrated in the
pseudo-tcrnary diagram of the slag system FeO-(CaOJngO)sSiO2 with a ‘
constant 5% A1205 content., In figure V-31 the range of op* ‘mum slag com-
position, as obtained by the described mode of optim .sation, and the range
of plant slag conposition is illustrated. Inside the broader range and
nt of o timum elag composition the dotted boundaries, re =
and V, are associated with respectively 2 and 3

around the poi

presenting glag Gro. » I1
per cent decrease ir. material throughput in the :urnace with the change of

slag composition as estimated from fig, V-30. However, as it was stressed
already, these resul\ls were obtained with laboratory slags and the change

of the various slag-forming constituents was carefully controlled so as 1o

yleld information 8
In plant slags, On the other hand, the variation of the conctituents

a random pattern {nasruch that the conflicting effects may cancel

pecifically on the effect of the component in question,

follows
out. As a result, the variation in slag composition will be much less

noticeable in the viacoaity-eleotrioal conductivity relationship and,

cons- quently, in the change of elovtrical parameters. In ihis way the
paterial throughput/...

kel
|
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material -
throughput may undergo modest or even hardly noticeable variations.

In the 1light of the above facts the exact delineation of optimum
composition contoures in a ternary or quaternary phase diagram could not be
Justified in the context of the electric furnace slags investigated and the
specialities of the operation, Similarly, the slight difference b:tween
the composition range of the conventional plant slags and that found by the

technique of optimisation would discourage a categorical definition of
optimum slag composition,
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SKCIION VI,

DESIGN COHSIDTEATTONS BRASEKD Ok 'THE NTLIKED MATERTAL AND HEAT WIOW CONCEPTS ,

1./ The concept of *he principle of similarity es an aid in furnace
design.

Adthough the exient of disruptive forcer acting on the outlined heat
and material flow pattern is by no means negligible =nd the system is far
from operatin~ under steady-atate conditions, the preceeding considerations
can still be used as reascnably sound starting points for furnace design
when the con.ept of sirilarity is taken into account,

The principle of similarity defines the relatiouships existing
between systems of different size and it has proved most useful in scaling
up of physical and chemical processes, as it is demonétrated in tre excellent
study of Johnstone and Thring. (1). According to the basic concept of the
principle the configuration of a system Iin space and time can be defined by
ratios of any magnitude within the system and doos not depead on the size or

nature of the units of measurements.,

The similarity state: of importance to the présent study can be

summed up as follows:
g&/ Geometric similarity. In the present case geometric similarity is
maintained by treating the material in

vessels of the same rectangular shape equipped with eleoctrodes arranged in
the rame 6eir<line geometry. An important point is that the furnace loading
for the sane energy distribution per wnit gurface srea or unit volume is
kept reasorably constant.
QL/ Dynamnic gimilarity., This irnvolves the forces affecting the movement
of mass in a dynamic system and also entails

kinematic similarity, as the motion of both feed material then slag ard matte

phases are functions of the forces applied tc the system. Dynamic similarity
in the flow of feed material ie ensuved by controlling the energy input to

the furnace so that the Reynolds nunber is of the same order of magnitude

in the flow for different size furnaces. Furthermore, for the moving bed

of burden the particle gizing is the same and the energy-loadirng per unit

volume or surface area of the furmace {ig the same.

¢,/ Chenical gimilarity. Chemical similarity is probably the most
important similarity state in designing the

furnaces ard conparing their meliing ability, The importance of the

physico-chemical/. .,
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physico-chenmieal similzrity of slags produced has already oeen demonstrated
and emphosized in the foragoing and has to be painted ou repeatedly. It
may be posuible to regard the electrode as the main central parameter for
design purposes around which the furnace with its ancillary equipment will
be built, being thus the size of the elcctrode by virtue of its current
carrying capacity the factor that will stipulste electrode spacing, furnace
width, transformer size, etc. Yet it is the very character of the feed
materisl that eventually determinco the furnace load and thereby the meliing
rate of the furnace., Therefore the chemical composition of the gtarting
material.ss well se slag produced should be similar in order to secure
similar heat generction, electrical conductivities and viscosities to the
slag with similar Reynolds numbers for the flow,
Q;/ Thermal similarity. The liquidus temperatures of slags have to be
comparable which are basically the functions of

slag composition pointing thus to the importance of chemical similarity.
Comparable liquidus temperatures and slag resistivities will assure
comparable smelting rates and, therefore, energy consumption,

Similar rates of heat transfer can be obtainad by controlling ibh
Reynolds number and also the Grashof number of the tlo system to the same
order of magnitude for different furnaces. This wili also ensure an

approximately equal neat flux to the charge to be melted.

In summing up, the similarity principle facilitates the design of
furnaces provided the differences in the characteristics of the raw materials
to be processcd are not too great.Since in this case it can be safely assumed
that the various disrupting effects on the discussed heat and material flow
pattern will be by and large the same, ae a first approximation, they will
be left out of consideration in the following discussion.

2./ Design principles.

Considerable amount of work has been carried out on the operation
of submerged arc furnaces used primarily in the electric steelmaking and
ferroalloy industry. The various design equations proposed to descridbe and
simulate the operation of the units cover fairly well the various aspects in
conjunction with ferroalloy production, but as was referred to earlier with
the possible exception of Andrcae's basic formula, none of them can be
regarded to be of general validity. This i8 quite understandable in
considering the great varieties in burden properties the furnaces haveto

cope with/...
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cope with., The efforts to account for the propertieﬁ of the feed materials
are well represented by the work of Kjglseth, Morkramer, Nilsen, Downing and
Urban and Persson already referred to in Section I1I, This work centered on
the cxact determination of the k factor proposcd by Andreac. Back in the
1940's together with Kelly they determined a large number of k values from
operating plants. Kventually Kelly prescnted a typical range of k factors
for different submerged arc operation (2). A comprehensive review of these
efforts was given by Urquhart. (3).

In spite of their fundamental and also practical aspects, none of
the investigations conducted could strictly be related to the operational
and symmetry aspects of the rectangular-shaped matte-smelting electric
furnaces vith 6-in-line electrode arrangement, Only very recently did
Persson and Treilhard, as it was shown, extend toward this direction the
line of thought on furnace resistance, although Russian literature gave &
comprehensive account on similar work long before this, Since, however,
the interest of this sudy is focussed primarily on conditions given by the
treatment of copper and nickel containing ores of South African origin, the
symmetrical relationships established for a single furnace or a series of

furnaces may differ from those outlined in the literature,

Pertaining to the simulation of conditions prevailing ir a given
furnace the method to be followed is based on some of the principles of
heat and material transfer delineated in Section IV. Therefore as & most
obvious choice, the electrode will be the basic parameter around which the
most significant variables determining furnace geometry are going to be built,
The reason for this choice will be immediatelyapparent from the expression
of the specific hearth resistivity baged on Andreae’'s concept (4)

%n " Ryl = (Uh/Ie)TTDe 1./

The hearth resistivity, the characteristic value for various processes
carried out in an electric furnace, is a constant value given by the hearth
voltage Up» the electrole current Ie‘ and the diameter of the electrode De'
Thus in the knowledge of DG and the measured resistivity of the slag (this
latter being characteristic to the particular material processed in the
furnace) the most important operating parameters,; i.e. current and voltage,
hence the size of transformer and the rate of power input to the furnace are
also given. Recalling furthermore the relationship postulated by Andreae
between the diameter of the electrode, the active zone around it and the

extent of power input (set by the active area), the electrode as a central
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paramcter emables the determination of virtually all the other important
design parameters, From a design point of view there is nothing new about
regarding the electrode as a main design parameter. It has been used as
will be discussed subsequently, by many distinguished workers in this field
for quite some time. However its application for delineating furnace geo -~
metries with 6-in-line electrode arrangement is thought to be novel in many
respects and the findings could serve as explanations for the choice of
existing furnace geometries, It may also entail suggestioni to be made to

existing furnacc design in order to improve performance.

In respcct to model considerations it need not be emphasized that
there is a striking difference between rectangular and circular furnaces.
Thus while the basic concept of spherical peometry for modelling, as advanced
by Schwarz von Bergkampf (4) may be gsuccessfully applied to electric arc
furnaces of c1 ‘ular croscs section with three elecetrodes, the same principle
would be certainly met with conasiderable difficulty in the context of

rectargilar units.

In the previops discussion of heat and material flow, the working
units at kPM were regarded as reference OT model furnaces, This method will
be retaired and adapted to the procedure of scaling up furnace symnetries

with the size of electrode as the main design parameter.

3./ Estimation of the active area of the electrode (4,) and furnace

width as functions of electrode diameter,

In the discussion of heat flow in horizontal direction across the
molten slag bath reference was made earlier to the concept of Andreae
according to which the flow of energy from thc electrode comes about the
radius of concentric circles. In this way ihe active zone around an
electrode is circular having an area proportional to the diameter of the
electrode. Jherefore the radiue of the active area varies with the size

of the electrode.

Andreae's argument concerning the relationship between electrode

diameter and active arca gerved as a starting point for the estiamtion of

the working zone of an clectrode. Fesentially it boils down to the

calculation of radial heat distribution around the electrode with specified

boundary conditions given by the characieristics of the slag. The general

approach was/...

——s e



Table VI-1.

Mode of calculattion of Vﬁ;for varjous electrode diameters.

Dy (m) 0,4 0,6 0,8 1,0 1,2 1,4 1,6
d 0,112 0,168 0,224 0,280 0,33 0,392 0,444
k 0,055 0,082 0,110 0,137 0,165 0,192 0,216
& 1,82 1,220 0,907 0,729 0,605 0,520 0,462
Vo 1,35 1,105 095 0,852 0,778 0,720 0,680
Table V1=2. Values of r‘J;:for various electrode diameters

r (m) D 0,4 0,6 0,8 1,0 1,2 1,4 1,6
0,3 0,405

0,4 0,54 0,431 0,38 0,34

0,5 0,675 0,552 0,475 0,426 0,39 0,36

0,7 0,945 0,772 0,665 0,595 0,545 0,505 0,476
1,0 1,39 1,105 0,95 0,852 0,778 0,720 0,680
1,5 2,03 1,655 1,42 1,78 1,17 1,08 1,02
2,0 2,70 2421 1,90 1,7 1,56 1,44 1,36
2,5 3438 2,76 2,38 2,13 1,95 1,80 1,70
3,0 3,31 2,85 2,56 2,34 2,16 2,04
545 3,52 2,98 2,73 2,52 2,38
4,0 3s12 2,88 2,72
4,5 3:24 3,06
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approach w: ine
Pp was outlined iy the relevant section on heat conduciion., Based

for the optimunm depth of electrode immersion a

Ssed in terms of electrode diameter, Denl,?S m)
Preseny context with the
produced, In the referen

slag layer of "cor~tant"

on operating eXxperience,
a value of DO/Q,S (expre

will be used in 2
the particular types of slag

ce furnaces, as it wag showr,;, the depih of the

tempertaure (J) varied between 30 and 75 cm at the
qQuoted depth of electrude Penetraticr into the slag, i.e. p = 5 cm, which
from practical otservation was fourd to te optimum, (actually 48 to 50 cm).

Let us exprees this optimum in terws of half electrode diameter, that is
in case of the reference furnaces

popt. & 50/6275 b OQB De/2 . 2@/

The ratio betweer ‘i depth of constant temperature zone (d ) and Popt is

A/ pops, = 35/5%0 0,70
therefore = (0,7)(0,8 D/2) = 0,56 D /% 3./
Putting this into the expression of 6 in equ, 19a of Section IV
G = n 4./
kth'o’56(he/2)

wherc h has a value of around 1,0 (0,9 to 1,1) and the thermal conductivity
of the alag is on an average k,, =4,9 cal/hr.n2%C/m, With these data K &,
where X = r\@ﬂ can be estimated to give the horizontal temperature profile

in the slag according to equ,14 of Section IV, Table VI-1 gives the various
steps for the calculation of rVs for electrode diameters of 0,4 to 1,6 meter,
In Table VI-2 the data obtainud on r\G for various values of r are compiled
while Tatle VI-3 gummarises the values of Ko(x) estimeted from tables of
modified Becse functions, The calculated results are plotied in figurs

Viel which erables finally the estimation of the diameter of the reaction
zone with the change of electrode diameter, For the calculation of dA the

0
average liquidus tempcrature of the plant slag (1325 C) can be used,

The clectrode diimeter - working area relationship given in fig,VIal
can be exterded further to estimato the actual width of the furnace when
smelting corcentrates originating from the Merensky Rief ore deposit or
concentrales of different cemposition but yielding slags of similar
clectriecal conductivities to those produced in the present operation., For

o
this purpose the lower limiting temperature was chosen as 1310°C at which
the average »lant slag io still fluid enongh for practical flow purposes
and also for limited matte settling, while below th's temperature the rapid

increase of/..,



Figure VI =2, HORIZOi TAL TEMPERA1LME GRIDIENT N THE SLAG BED FROW

FIRGT OILER RITZ PHOFILL, |l)° 120 m
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Table VI-4, Furrace width

e e

and active area versus D
. -]

De (m) 0’4 096 058 1,0 112 1,4 lg6
o

1325 °C .

T (m) 2,9 3,7 4,1 4,6 5,1 546 - 6,0

1310

lw (m) 400 5!0 5:7 613 710 715 8,0

Table VI-5 sctive area of electrode as a function of the depth of

electrode immersion into the slag (p).

. . o
De e 1,25m, Tref 1325°C

Depth of {mmersion

in terms of D De/2 D,/3 D./4 D /4
in meters 0,625 0,417 0,313 0,250
d (m) 3,40 3|64 4,30 5134

Table VI-6 ,Actti-gl_?PJIQQ.‘?..&}‘.eﬁ..%.é.&-fﬂﬂ?iiiwiﬁspflﬂﬁ

slag layer ofﬁconstagﬁ_ﬁgmperature (S)

0
DG - 1,25 m, Piot =0,5m, Tref.- 1325 °C
d (m) 0,1 0,2 0,3 0,4
om) ____ — —
20 40 60 80
Per cent of Piot.
2,8 4,0 50 5:9

d, (m)



increase of slag viscosity will create stagrant conditions, Table Vi-4

displays the estimated relationships regarding voth d, and 1 for variods
electrode diameters,

The horizontal temperature gradient cvaluated from the two-
dimensional Ritz protile (see Scetion IV) can also be used for the estimation
of d, and 1 . For comparison this is chown in figure VI-2 for the electrode
diameter De = 1,25m. From the plot with T = 1500°C the intersection at
1325°c gives a distance of 2,7 m for the rggfus of the active electrode area
therefore dA- 5,4 ms This wouvld correspond to an electrode diameter of
De=1,5 m, in reasonably good agreement with the data obtained by Bessel
function estimate.

4./ Pffect of limiting maximum ierperature.

From the extrapolation of results ottained from temperature
measurcments carried out in the close vicinity of a working
electrode, 1500°C wag croscn as a most probable temperature prevailing
under the el ectrode tip and representing Tmax‘ With identical slag com=~
positions the main factors affecting this temperature are the operating
current density on the surface of the electrode tip and, to a lesser degree,
the depth of €l ectrode imrersion into the molten slag by vir:ve of the
amount of heat distributed in a unit wolume of melt as discussed previously.
1f, on account of varicus reasons like change of slag resistivity brought
about by smelting effects with the change in the flow rates of the feed
material to the electrodes, or intentional increase of operating current
to increase production, the temperature changed from 1500° to say 160000,
this would bring about a change also in the calculated active areas as
indicated in figure VI-3 for electrodes of 0,6 and 1,2 m diamcter respectively.
Ag will be apparent from the graph the change in the temperature of the hot
zone under the olectrode will influence conegiderably the size of the reaction
gone, These temperature variations could be especially pronounced duving
the process of charging converter return slag into the electric furnace or

with a sudden change of the quantity of burden admitted to the elecirode.

The operation of the electric fwmaces, because of the complexity
of the processcs carried out ir them is necessarily prone to cyclic
fluctuations which, on a temperature basis, could casily involve a 3 to 3,5%
change (1.e. about 50°C) in the hcot zone temperature, As a consequence, the
reaction zone of the electrode is also subject to periodic contractions and
expanuions, & well=known fact from operating practice. An oxact determiantion
of the extent/...
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of the cxtent of this zone would only be poscible under stoady state, there-
fore the present estimatescan be regaried merely as reasonably good
approximations of actually existing conditions,

.ia/ Effect of the depth of electrode immersion (p) in the sleg,

Up till now the depth of electrode immersion was considered to bve

at its optimum i,e., about p = De/2’5 based on operating practice of
the refcrarce furnaces, lLet us agsume now that the composition and, as a
result, the resistivity of thc slag variesc in such a way that thic will give
rise to variations in electrode position between De/2 and De/5 in terms of
electrode diameter., Following the sequence of calculations outlined in
Tables VI-2 and VI-3 and using equations 2 and 3 for optimum depth of im =
mersion (popt) and constant temperature zone (J ), the results shown in
figure Vi-4 and Table VI-5 can be obtained. The inverse relationship
between active area and depth of clectrode penetration is obvious and becomes

more noticeable with the decrease of p.

In this context it has to be noted here that the decrease of the
depth of electrode penetrat.on into the slag will necessarily elter also
the cepth of the slag layer assumed to be at a constant temperature. The
thickness of this zonc ag that of p depends ca slag characteristics and at
constart kth’ h; 9 and % ag well as operating current it will remain un =
changed. A change in the electrical conductivity of the slag will alter
the position of the electrode with the results described above, In this
way the effect of the change in the depth of the constant temperature layer
upon the active area will be synonimous with that imposed by the change of
the depth of electrode immersion, followed by an inverse proportionality in
slag heatirg, Results of calculations performed for = 0,1, 0,2, 0,3 and
0,4 m with De = 1,25 m are given in Figure VI- 5 and Table VI-6

6,/ FElectrode current and power input,

Acocording to Gchwarz von Bergkempf (5) the electrical load on the
purface of an object of circular cross-section is a constant value

and depends on the character of the material. At identical surface

temperaturos 1t is given by )
n = const, = _}'I_%_—— 5‘/
8 »’ /4

from which he pugrested the theoretical model relationship for the pera-

missible load of cylindrical conductor at constant external surface

temperaturc &3 6./ s
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1\@ - ko6 | 6./

where D is the diameter >f the conductor in meters and P is its gpecific
resistivity in ohm.cm, From practical plant data in case of Soederberg

eleectrodes the following cxpression was suggeasted for a limiting current
1,6
I - (0,510 bl 1./

where I)e is expressed in meters and the current I in amps, /ith the

elecirode of the reference furnace De = 1,25 m, the area of the flat-end
2

surface Ae- 1,?5x104cm , from which the current density Ai

H o= (5,0x104)(1,25 )/1,23x1o4 = 7,3 A/cm2

Based on observaticns conducted on o great number of electric
furnaces Morkramer (6) esiablished that the maximum current load on self-
baking Soederderg electrode-types is a function of the electrode diameter
according to 1,7
Iy = 2040 D' 8./
when D ig in centimeters and I in amps.

Basically the current load on an electrode as this was already
shown by Andreae is defined by the maximum permissible temperature to wk.ich
the electrode surface above the melt can be exposed, When the energy
generated above the charge as I2R is in equilibrium with the energy dissipated

along the surface, the following equation expresses the conditions obtaining
(4) 4oL,

\
k(ty = tg)TIDL = “Di 1 9./

here k = heat transfer coefficient to the atmosphere in watts/1n2°C
t = temperature of electrude surface;, °
tes temperature of air, v
L « length of section of electrode abcve chargn
¢ = resistivity of electrode, ohm, in/in

I =« current in amps

That is, above a certain temperature the electrode will burn in contact
with air so t cannot exceed a certain limit. For long electrodes, such as
the ones in closcd furnaces the value of t must be chosen low, otherwise
the temperature of the tip of the electxodp becomes abnormally high. Aidreae
has found that for example a 76 cm dia, electrode which under normai con-

ditions will carry 30,000 amperes could be 1 1dcd only with 19,000 amperes
{n a furnace wherc the electrode extended around 3 meters under the roof.
flesides these regsearchers a number ¢f others, such as Kelly,

Pashkis and/o o8 |
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Table VI-7

Variation of power input with clecirode size

D, (m) 0,4 0,6 0,8 1,0 1,2 1,4
Flecirode
current ka 12 22 35 50 68 90
Power input Mw
maximum T+3 15,8 21,8 31 42 55
operating 3.4 6,1 9,8 14 19 25
fable VI-8 Power input, operating current, and cell constant

values as functions of electrode diamcter.

De (m) 0,4 0,6 0,6 1,0 1,2 1,4
Pw(max) M 3,35 6,1 9,8 14 18,7 24,17
If kA 4,4 Ts3 10,6 14,2 18,5 22,5
If/De 13,0 8,2 7:6 7,0. ) 642
G su! 6,51 4,34 3.3 2,6 2,17 1,85
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Zz;:ti: zZir;z;ZBZ:;aZ;tzszz12219 Pfiposad formulas for the electrode nize~
their equations zefer SPCCificllan: p as will be discussed later. Ilowever,
ferroalloys. The exérpnﬁinn a; Y lo the production of certain groups of
o8 vanced by Morkramer proved to be of more
general validity, therefore in the present study the calculation of electrode
current was based first of all on cqu, VI-8, The relationship founc by this
author for various elecctrode diameters, electrode currents and cusrent
densities are given in graph VI-6, On the basis of the graph the electrodes
of the reference furnaces with 2,65 A/cm2 currer.t density (7) and a maximum
of 19,3 kA opurating current appear tc be rather underloaded. From equ.
VI-8 the maximum current density on electrodes of this size (D =1,25m) would
be about € A/cm2 as against Bergkampf's 7,3 A/cmz. In matte s;elting
furnaces in practice with electrodrs of De = 1,2-1,3 m the current density
may vary between 2,5 and 3,0 A/cm2 urder optimum conditions with the
purticular rlagy used, Then with Morkramer's data on electrode current the
maximam permirsible power input and the operating power (Mwmax and Mwmean)
will vary as shown in Table VI-T7. Mwmean was estimated on the basis of the
range of curre.t density guoted above for De=1,2 to 1,3m at an average depth

of electrodr immersion of p = De/2'5'

In a further elatoration on operating current, in a recent paper
Watley (8) gave the results of a detailed study cn powar input, electrode
diameter and operating current with reference to ferroalloy producing
furraces, He sghcwed that a constant relationship (CA) exists among these

parameters which, according to various workers can be expressed as followot

P .D P P
o w . ‘
c, = —!;5* (Andreae) = —;:;1 (versson) = -;%:g (Westley) 9./
e

Tese ruvlationships may be used for the estimation of electrode current in

general, thus in the context of matte smelting furnaces when using Andreae's

formula with say 19 MW and 18,5 kA for CA we get

2
C, = [(1930x106)(1.25x102)] /(1w851104) = 6,95

while Westley's formula would yield C, = 7,47, Then with the data of Table

vI-7 relating to the cstimated mean MW values for example in case of Da-0,4m

Andreac's conntant will give

6,95 =

2
(6,35x106)(0,4x10<1
2
I
that io 1=4,4 kKA, while Westley's constant would give 4,23 KA,
Ag for a practical example, the slug resistivity in the present
18 to 4,67 ohm.cm at 1400°C, with an average value

ptudy was measured as 4,
for plant slage/..s
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for plant slagc of ahout 4,4 ohm,em, Since R 1" kG and G the cell constant
was calavlated ac 2,15 5u™" at a depth of elezfroda immereion of p = D_/2,5,
then Rsl = 4,4x2,15 = 9,5 ohn,cem, that is 19,0 ohm,ecm per phase in theeconfext
of the refercrce furances, Then with six electrodzs H = 3 x 19 = 57 mohm
which would yield a power input of P = 12K = (3,24x]08)(5,7x10-2) = 18,5 M.
In this way ihe cell constanis, operating cuirents and furnace loads for
various size electrodss can be ¢stimated providad (thzt) the character of the
£lag produced is thc scme in all wnits, The resulte of calculations are
conpiled in Tatle V1-8, The values of G refer to an average electrode
penetration of g = De/2,5. (sce also fig. VI-12),

The ratio Ir/De that is the relationship between operating current
end electirode diame:er derived from Andreae'n conciderations on maxjmum
peraissible currert on the free section of the electrode expesed Lo the
atmospheve above the charge (this decreasing with the decrease of furnace
size) has a significant bearing on active electrode area - electrode dia =~
meter relatiorehip, and accounts for the increase of the ratio dA/Dc with
the decrerase of De' The extent cf this ehift is depicted in figure VI-7
showing three adlacent «lectroies in the diameter range of 0,4 -~ 1,2 neter
with their correspcnding active arcas. The ratio D /S that is electrode
diameter and spacing (centre %o centre distance) vas kept constant in all
cases., Tigure VI-8 in a log-log represer.tatior shows the dependence of

. et .
the ratio If/De and dA/Dc respectively on De

Thus the power input to the furmace is affected by electrode current,
electode diameter and dcpth of electrode immersion. The complex relationship
between power input ard depth of electrode penetration into the melt at
maximum current (Imax) with the diametsr of the electrode is summarised

in figure V1=0,

7./ Hearth voltage, cell constant and electrode size

At a constant power input, with the automatic control of the
electrode position the opersting current will be rvaised or lowered following
the course cf change in alag resiotivity, In this way the voltage tetween
electrode tip and the curfece of the matte should necessarily remain

constant in practical operation for a given electrode size, that is
Vv (electrode to hearth) = K/ 10,/

Persson and Treilhard (9) described the relationahip between hearth voltage

and electrods diamoter/...
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and electrode d .
e diameter as Ve = Vﬁ; 11./

A
or = <
In caze of lhe reference furmaces with a maximun phase voltage of 202 V

(transformar secondary U=350V max.) the constunt. can be evaluated for the

perticular procecs and msterisl used so that equ.l12 will te written

-

1 o ? %
Jph(max) = (1,6x10 ).De 13,/
when De in expreesged In metere,

Further, according to Bockman {10) the relaiiorship between furnace

resistance, slag resistivity and elcctrode size is constant

RfDe/? = consl. 14./
or in an other form Pvg/De‘v2 = const, 15./
By virtue of Vz/Pw - R, 16./

equations 14 and 15 are identical and solving 15 for V we get

Vv = const,( Pw/De)ﬁ 17./

80 the electrode current will become %
1 = const, (PwDe) 18./

From earlier considerntions of this section the furnace power is expressed

GB ]’6

] \ .
P, KD 19./

At & given feeil composition Kp deperids on *he depth of electrode .. wersion
into the slag. In the range of electrode penetration of De/2 to D /2,5
the value of the constant varies between 12 to 22 and in average operating

conditions K is about 16, Then for the prcsent case equ.17 can be written

in the form 1,6.4
- Y lad 205
Vy e (xpne ) /
that is the maximum hearth voltage, when De is exprecsed in cm is given by
» 1365
v o 07K D) 21./

with raw materials having gimllar physico-cheaical charscteristios to those

fed to the refercnce furt.nces the maximum secondary voltage of the trans -
former at the highest tap position will be

1,4(xpnl’6\§ 22,/

U(max) " e

Jurther to the aspects of furnace symme try Perseon has shown (11)

that the electrode-to-hearth voltage is inversely proportional to the

square root of the elevtrcde and, as indicated by equ.12; the relationship

is constent/. ..
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ls constant for a given material handled or produced in the furnace

VH/D% = connt, 23./

where V“ is the phase comporent of the electrode <o hearth voltage. The
constant Involves the k factor and power density (watts per unit surface

ares) paramraters, For exauple for copper matte production Fersscn gave

the value : T ﬂ% = 17,1. As to the operating furnaces discussed in this
study U = 350V end DY = 11,2 om, then (v/ \1“5)/1% = 202/11,2 = 18,0 for

coper-nickel mattes as against the close value quoted for copper matte only.

In Section III equations 19 and 20 correlated ihe cell constant
with power density and e)ectrode diameter pertinent to slag resistance
heated furnaces of rectangular shape having é-in-line electrode arrangenent.,
The basic concept i¢ in accord with ihe foregoling proposal of Perssom.

In an other form the expreesion for cell constani was gilven as

_ (1 - pK/m 24,/

RVNERRY T
ARy

where K h {s the charge-depend»nt constant. Fqu. 24 can be written in the
c

tt

following form: [
k

(i - p)K sy
4T o | e

Lat now S/D - L for a given procedure (as defined by material, throughput

rate, etc,) be conetant. representing the length relations in the geome try as

2
rs— k(H - p)K
ln(LB + I‘: - l) + Ct L] ["" ch] 263/

471

With the particular in-line electrode arrangement in rectangular furnaces
where L - 2,72 and thus \/;7_- 1 = 2,93 we can write L +»VL -1 =

1+2 55/2 72 = 1,93 L_, therefors the lett hand side f equation 26 becomes
1n(1,93 L ) + Ct' The aecond capacitance term Ct’ accounting for the action
between electrode tips 18 also a constant value for the particular geometry
and it was estimated beforc as being C, = 1,22D . Since S = 2,72 D, that is
§/D, = 272 = Ly then 2 JT2/1427 = 2y 2. and thus 2,2/2,T2 = 0,82 Ls' Then

with these rvsulta equation 24. for the cell constant becomes

K (H = p) } =1
K - R ’[%\/3,82 L+ 1n(1,93 LB)] 27./

T

= 5/De s giving thus the rolationshlp of the following parameterst
electrode/ ...

where Lg

ps
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elect -
rode diamcter, electrode spacing, depth of electrode immersion into the
slag and the total depth of the slag bed,

In a simpler formulation following the proposal of von Bergkampf(5)
by which the furnace resistance

Ry = ¢

Kch.L

2
n

D,/4
\gee Section 111), L being the length of electrode submerged in the melt and

Kch the charge-dependent constant, the cell constant may be expressed as

K h
k = (H=-p)—s 29./
TiD /4

28,/

Kch in average plant operation and with average slag composition has the
value ot 2,5 to 2,7. The expression in its originally proposed form does
not account for inter-clectrode conduction and assumes that all current
flows via electrode-mette-electrode, It is the constant Kch based on ex -
perimental evidence then compared with the estimated resistance of the
oper..ting units, together vith the (H-p) term that make the necessary
coricctions and render thereby equ. 29 reasonably accurate for the

assessment of furnace resistance.

8./ Relationship between furnace resistance and operating current.

when investigating the relationship between furnace resistance and
operating current in FeSi furnaces having various electrode dia -

meters (0,9 to 1,%5m) and run on burdens of varying composition, for minimum

power -onsumption and best operating range Westley (8) arrivel at the ex =~

ion
preaslor Rp1/5 = const, or I/Ps/B = oonst. %./
w

the formulas were tested in the context of natte smelting furnaces working

with plags of resistivities in the range of RBl

Using the data of Table VI=-8 and the calcula

between operating current and furnace resistance in terms of electrode dia-

meter as related to matte smelting furnaces can be expressed as

- 20y 31./

CD w
e

In a similar way for optimum performance ihe conatant was found to be

I 2,

CD - 0,8 5 /
(] P
w

9./ Genecral ecale-up/...

~ 4,2 to 4,7 ohm.cm at 1400°C.
ted resistivities, the relationship

- TP,
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Figure VI =43,  ELECTRUDE CURRINT DENSITY AS A FUNCTION OF ELEVTRODE DIAMETER,
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Figure VI =« 43, ELECTRODE CURRENT DENSITY AS A FUNCTION OF CLEVTRODE DiAMETER,

Estimated by the formulas of

1 Morkeamer

2 Kelly

3 Modified expression of Xelly for the
condition of the modal ‘urnaces st RPM,
from equ, 25,)
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Table VI-9,

some basic equations in the form y = K(x)" representing

furnace symmetry and operating variable relationships,

Parameters related Equations
1 2
1, D 1, = 630004
0,49 to 0,53
S 0 ‘ S = 247 De'
e
82
S a, 4 = 298"
0,98
i De H = 1,02 De'
h De h = 0,66 De
1,1
p De P - 0’!575 De
‘ 1,6
Pw(m,) De PH bd KDe
1,58
P D0/2 PV = 12 - 14 DQ
1,67
p = Dg/3 o 20T 1,58
3
p - De/s Pw = 19 - 22 De
) G = 2,6 D;°'98
G (2

:2’5 K = 13 to 15
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9./

General ncale- ’ ‘
] cale-up and dusignAparametereggglated to the size of
the electrode, -

From the feregoing discussion it is obvious that with the size of

the electrode all the other operating variables and factors
determining furnace geometry will change according to a certain proportion.
When the relaitionships are plotted on log-log paper, a simple expression of
the form Y = Kx" can be obtained where both K and n are constants with K
representing the character of the material handled in the furnace and n the
symmetry relationships or scale-up factors. The method was extended to
further variabies and the results of calculations in a log-log representation

are given in figures VI-10 to 12, and the calculated formulas in Table VI-3.

10,/ Comparison with otner works,

Kelly (2) made further elaboration on the k factor concept of

Andreae and arrived at useful relationships pertinet to furnace
design parameters, primarily in the field of ferroalloy producing submerged
arc furnaces. The electrode current density ‘Ai was defined on the basis

of a large number of furnace data as

& . Vggg amp/in2 33,/
De
or in square centimeters - D-ﬁ (0 102) am /cm2 34./
131 e 14 P '

A, ve D is shown in fig. VI-13 plot %.)
i e
The maximum current density that can be carried by a Sgderberg
electrode as determined by Morkramer was {1lustrated in fig.Vi-6, The

1imiting values given by hii in fig. VI43, plot §.) are considerably higher

than those of Kelly's. With the size of electrodes of the R'M furnaces
the "high edge range" (as Kelly termed the upper values) of current density
would correspond to 2,54 amp/cm”,

For practical conniderations, in matte smelting furnaces plot B.)
represents the relationship between current density and electrode diameter
gimilar to those at RPM, However, current densities
in the range between plots t.) and 2.) may safely be used in these type of
ase of larger electrodes, The equations of the plots

for operating conditions

units especially in ¢
in fig, VI-13 can be given as

=0,28 2
‘&./ Morkramer Ai -« 6435 De ¢ a,mp/cm 35‘/
0,48 " ‘
2,/ Kelly A, = 400D, ! ' 6./

0./ matta/- ‘e



Figure Vi -14, COMPARISON OF RESULTS OBTAINED 6Y USING KELLY'S FORILILAS

AND THE BLSSEL FUNCTION METHOD FOR THE ESTIMATION OF RCACTION
ZONE DIAMETER AND POWER INPUT TQ THE FURNACE,
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&./ Opereting rcange
of matte e Ai = 2,95 170193
atte smelting ¢ 57’/
furnaces

Equation 37 reprcsenting the average matte smeliing operating range was

bt '
0 ai?cd by applying Kelly's formula to the particular conditions of matte
smelting. The expression can alss be written as

-0,
1&1 - De '5(0,3x102) amp/cm? 38,/

As for a different and more specific formulation, in the present
study it was found that the relationship belween current density, operating
current (from Tablie VI-8) and electrode diameter in the special case of
matte cmelting furraces with the particular type of slags handled can be
well-approximated by the following formula

’ I
- f
De 2,65x10 A

i

meter 39,/

‘Phen with this expression the formula for current density becomes

A - (7,0x2074 1, (ITD§)'1 Ao’

Phat is in case of say 18,0 kA
Ai

40./
. (7,0020°4)(1,8x10%)(3,14x1,257)-1 = 2,58 Afem?

In estimating the active area, Kelly regarded the electrode spacing
i.e. the distance betwcen the centre lines of the electrodes instead of their
diameter as a reference parameter and defined maximum, minimum and opiimum
reaction zones for furnaces of circular cross section. The proposed formulas

for active electrode areas and furnace diameters were as follows:

Maximum Minimum Optimum
dA 2,08 - De 1,0 S 1,16 S
Df 2,35 - De 2,16 8 2,3 S
In terms of electrode diameters only'theae equations can be expressed as
d, 4,1 D, 2,56 D, 2,96 D,
P¢ 7,070, 5,530,  5:89 D,

The estimated reaction zones {n the range of electrode diameters investigated
 fig.VI=14, with B dencting the results calculated
If the diameters of the reaction zones obtained
in relation to the 6-in-limelectrode con =
the symmetry conditions shown in fig.

would then be ag ghown ir
by Bessel function method.
by Kelly's formulas were drawn
figaration of the rectangular units,

VI-15 would reoult. Apparentlys for larger electrodes (Dg 2 1,0m) there is

a rcasonable/sss
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a reasonab ie
able comparison betwecn the active areas in circular vs rectangular

r .
urnace symmetry relationship when the average melting point of the plant
8lag is around 1320 - 1330°C and Kelly's formula relating to maximum

re
action zone is used. Below De = 1,0 m the dimensions tend to deviate more
and more from eachother,

As regards to the change of the maximun reaction zone (d )
with electrode diameter the relationship can be closely approacheg(g;x)
multiplying the active area estimated by Bessel function ( dA(B)) with the
vquare root of the ratio between the diameter of the reference electrode

and he “icmeter of the electrode in question, that is

d)(max) = dA(B)(De(ref)/De)i 41./

where De(ref) = 1,25 m and De denotes any electrode size within the range of

0,4 to 2,0 m. 'The plot is shown in fig.,VI-14 by dotted lines and its

equation will be
84 = 4,2 DS"” 42./

which is very close to that given in the table above for dA(max)'

By the original concept of Kelly the relationship between reaction
zone and furnace diameter is expressed as Df - 2 dA and the electrode
spacing as § = V37(2 dA)’ In this way the diameter of the active area
would be proportional to the square root of the power input, which in case
of matte smelting furnaces is clearly not the case. One of the main ghort-
comings of Kelly's analysis, as Coetze pointed out (12) was that the designer
still had the problem to find a value for dA on an existing furnace working
on a raw material to be used in a new furnace as far as the problem of
simulation was concerned. The exact determination of the working area of
the electrode, apart from the electrode area itself, will depend largely on
the character of the burden, such as for example porosity, this being an
especially important factor in the production of ferroalloys and silicon
carbide. Further, it may also be related to the electrode current density,
although the inverse proportionality between the two variables is not much

of a help in design and may even lead to confusion,

Pertaining to the power input - electrode diameter relation
Relly suggested that, as it was mentioned above, the power input is pro-
portional to the square root of the active area of the electrode, that is

2
p, < d, 43./

Kjgloeth (13) proposed the formula / . . .

_ _ - A
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Kjglseth proposed the formula (13)

2
PH = KDe 44 ’/

and Nilsen added his o = 2,79
wmi(14) P o= D 45./

FrOm these proposals Kjolseth's expression appears to be the closest to
thoso relating to matte smelting furnaces with the exponent of D varying
from 1,75 to 2,0 and K from 12 to 22 with a change of the depth of electrode
immersion betwecn Dg/? to DG/S.

The value of K in equ.44 when applied to the conditions of the RPM
furnaces with a power input of 19 MW was K = 12,15. The corresponding plot
of' MW vs De is shown in figure VI-11, with dotted lines. As it is indicated,
the trend for electrodes larger than 0,6 m dia. is similar or virtually
identical with that obtained from Morkramer's formula relating to increased
depth of electrode penetration and lower range of operating current. The
equation of the line is

P o= 12,15 0°'% A, 12,2 D° 46./
v ® o

By the principle of similarity Kelly's argument, relating to
electrode spacing and power input rate, can be applied to the estimation
of the electrical load of any desired size furnace in the knowledge of the °
two parameters in one particular unit (15). Let S1 and 82 be electrode

spacings with Pw-l and Pw p the reepective electrical loads,; then
2

8
2,2 2 o2
sa/s1 - Pw-2/Pw-1 and S, Sl(Pu_z/Pv_l)or Pu_a (31) Puel 41./

Similarly, if Df 1 and D are the respective furnace diameters then

£a2
D 1 P 2
L£=2 (F!:g) and Dpp = Doy (pw 2) 48,/
Doy vl wel

A comparison between power input rates with the change of electrode sige
obtained with the use of these equations and those estimated by the writer
of this study is given in fig. VI-14 by plote K and H, As will be seen,
with the increase of the electrode diameter above De = 1 m the difference
betwoen the power input rates estimated by the two methods becomes less

and less signifisant.
Furnace width. Pertinaent to furnace width as applied specifically to

uniie of rectangular shapc Persson and Treilhard (9)

suggested a formula representing relations between width and area (there-

fore also length) with the inclusion of the number of electrodes as

5




w n+l ' 49,/

which, in the context of tie model furnaces of RPM would yield

2x26x7
lw = 6+; = 72 m

from which the length Ly = 4/1w = 182/7,2 = 25,3 m

The expression was arrived at from prectical considerations mainly as the
result of expected maximum permiasible drop in product level (matte or metal)
and electrode travel aspects, From the point of view of the present
investigations it could hardly be regarded as a true design equation; since
it lacks the main reference parameter, i,e, De and contains simultaneously
two unknown variables, width and area, the inter-depcndence of which is ill-
defined without the knowledge of the electrode disneter.

In the present investigation it was shown how the a-tive area
and the width depend on the electrode size, The relationship was found to
be non-linear. As a result, the electrode diameter -~ active area = furnace
width - length - area relationship was defined separately for sm:.ller
furnaces, these being regarded as having electrodes with De<10,8 m and larger
furnaces with D_ > 0,8 m as follows (all in meters):

Smaller furnaces De< 048 m 1w = dA + 1 50./
Lﬁ. - 4 4:1A +1 51./
2
hp= Loxl = 4d, 54 +1 52./
r furnaces D >»O0,8
Large e ’ I e 4 +1,8 550/
w A
Lf - 5 dh - 21 De 54./
or in terms of electrode spacing since S = 2,7 De
Lf boad 7,8 S 55‘/
2
Ay = Lf x1 = 5 dA(dA +1,8) = 5 d, +94, 56./

where dA = 4,2 Da or rdA - 2,1 Do

Then in the symmetry relationships of the model furnaces we have

Ay - (5x5,2)2 + (9x5,2) = 182 m°

and the area of active reaction zone Ar7

Ay = (202 De)zn . 21,7 B2

and A, - 182/21,7 = 8,4 A, 57/
It i8 interesting to/...
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It s, 3
) is interesting to compare the outlined symmctry relationships with
ussian conventions, Among the Russian designers it was Diomidovskii the
f!
irst (16) to apply the concept of active, or working area of the electrodes.

¥or 3 and 6 electrode rectangular furnaces he gave the following dimensional

data (17)
6 electrodes 3 electrodes
Electrode spacing 3 I)e 3 De
Internal width of furnace 6D 6D
Length of furnace 2l De 12 ﬁa
Active area of clectrode - ) 5 D:

Apparently these measures are close to identical with those used in Western
practice for the design of rectangular furnacee with the electrode spacing
being somewhat larger in Russian convention.

Since furnace symmctries and operating parameters are based on the
character and behaviour of the raw material to be treated in the process of
smelting, design paramcters might vary somewhat from process to process.
This is illustrated in Table VI-10 compiled from available literature data

on operating units.

Depth of the molten slag bath (H) and electrode penetration (p) ve De;

A further important parameter forming part of the furnace geomstry
is the depth of the molten slag bath (H). This ls determined primarily by
a.) the amount of gangue contained in the furnace feed and b,) the resistivity
of thedlag which, on thc other hand, determines the depth cf electrode
immersion (p), 1.0. the distance botween the tip of the electrode and the
matte (or metal) surface. In dimensional relationship Pashkis and Persson
(18) suggented a constant ratio botween the distance h, the diameter of the
electrode and the resistivity of the slag equally applicatle to both circular
and rectangular furnaces asg

hD8

R = const, | 58,/

sl

or hDB = RBl - oonst._

In other words the product of paase resistance and electrode diumeter iso a

constunt value for a particular procees, Nothing is new atout this re =
ince it is an other form to express Andreae's electrode periphery

lationship s
Obviously the value of the constant will depend first

resjstance concepts
of all on the character of the slag prodaced. With slag rvesistivitlies

gimilar to those at RMM (4,2 to 4,7 ohm,cm, avg 4,4 ohm.cm) the value of the

-1 -l
constant was calculated ag C = 2,33x105 cm,ohm “.cm = for the average
resistivity/ ..



Figure V| - 16, ESTIMATED OPTIMUM BETWEEN ELEGTROUC SIZE AND SLAG BATH DIMENSIONS
WHEN PROCESSING HURDEN OF IDENTICAL OR SIMILAR CHARACTER TO THAT
USED IN THE MODEL FURNACES,

Legond
H  total depth of slag bed
h  distance vetwoen elcctrode tip and siag-matte interface
p depth of olectrode penctration into the slay
( all dimensione in meter)
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resistivity and 2,2x103 to 2,45x103 cm,ohm™Len™!
slag resistivities,

dimensional rel

for the guoted range of
Baved on optimum operating conditions the estimated

ationship between electrode diameter and toial slag depth,
then electrode to matte distance an

d depth of elcctrode penetration are
Plotted in fipgure VI-1€

s the characteristic equations being

H = 1,02 Dg'ga 59‘/
h = 0,66 DB 60'/

1

P = 0,375 1.’ 61./

Obviously the relation tetween De and Hy p, h mey be subject to considerable
variations due to operating practice, material produced, furnace availability
etc. The main objection that zan be raiged &gainst the formulas is the
linear variation of h with De wrich would hardly materialise since both the
change of operating current and the power input were based on the formula

of Morkramer by which the ratin between current and power input and

electrode diameter decreascs with the increase of De' Concequently, the
extent of the charge of p and h should be in the same order, which is not

the case. Therefore the equations are more of gualitative than of
quantitative value,

1 ./ Production capacity of furnice versus operating current, powver
input, furnace diucnsions (width and length) and electrode

diameter,

In the possersion of the availeble data it is possible now to

assess the production capacity of the furnace as a function of its
dimensioral characteristics and operating variables pertinet to current and
power usedj or .e, with the capacity as the independent, that is the set
variable, to determine these parameters required to achieve the desired rate

of production,
experience gained from furnace operating practice correlated with the

electrode size - operating current relationsaip, For optimmoperationwith
ed quality and availability (i.e. large stocks of feed and flux
the current will vary only in a relatively narrow range in practice
g from the maximum that can be delivered by the trans-

The stariing point for those series of calculations is the

uniform fe

material)

say 15 to 207 deviation
The minimum is indicated by dotted lines in figure V1-17, In

two (the (shaded)areas represent economic throughput rate for the
These estimates relate first of all to the

former,
between the

size of the unit in question.

type of concentrate and burden feed uned in the prototype furmaces,
y ’

In terms of/...
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gure VI« 17, SUMMARISING DATA 0 THE RELATIOUSHIP BETWEEN FURNACE CAPACITY
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In terms of the various parameters the

, weight of feed processed in
4 hours operation ig exprensed by the

following equations:

1,/ furnace width wlit/d) = 2,70 12 68 62,/

>/ D, W(8/d) = (3,7x10%) D 1 36 63./

3./ Current I_(kA) WIEt/d) = 23,81 64./

4./ Power P, \'IP‘St/d) = 42,5 P8’84 65./
* . . *

B,/ 1./ Rectangular versus circular furnace symmeir

The foregoing considerations may permit a brief comparison between
the symmetry requirements of three electrodes in triangle, circular
cross section and six electrodes in-line rectangular electric furnaces, As a
basis for this comparison the smelting capacity of the units will be taken
as identical with those presently in operation at RFPM,

As it was shown, from heat conduction considerations the effective
smelting area of an electrode of 1,25 m dia. is about 4,0 to 4,2 electrode
diameter which, due to turbulence and convective heat transfer, hight extend
beyond 5 D as measured from the surface of the electrode. By model experiments
a circular furnace, equipped with electrodes of the same size, would have a
pich circle diameter of 3 De and an overall diameter of about 6 De' The
thermal conditions representative of the rectangular and round furnaces could

on this basis be compared,

Figure VI-18 drawn to scale, shows the estimated radial temperature
distribution around electrode E-1 in the reference furnace., The figure
jndicates also the dimensions of the electrically equivalent 3-electrode
cireular furnace, F-2 constituting its second electrode with reference to
E-1. P,C., is the pich circle (diameter 3 De) while dotted line I indicates
the distance of the wall from the clectrode at a furnace diameter of 6 D,
ce is exactly 1 D and, as will be seen in the graph, with a radial
or similar to that of the 6-in-line furnace,

The distan
temperature profile equivalont,
e temperature at this point would be around 1350 C., Further two dotted

wall temperature were

th
1ines decnote the diameter of the round furnace if its

tc be kept the same as in a rectangular furnace. Line II corresponds with
1325%C at a distance of about 1,6 D, from the electrode
and represents an internal diameter of 7,7 D ; while line III gives the

furnace in which the temperature of the slag at{ the
wall would be/...

the average liquidus,

diameter of a circular




Figure ViI-19
19, OUTLINE OF THE PRINCIPLE OF THERMAL LOAD DETERMINATION

Maximum thermal load at point A, nearest to the elecirode;

minimus st B, betwnon two eleatrodes.
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wall would be by and largs the name as in the rectangular unit. Thus for

the diamete

r of the thermally equivalent circular furnace Df( ) we can write
c

Since the clectrode spacing S = 2,7 D 4 then
e

Df(c)(t.e.) = 3,28 67./
On the other hand, with electrodes of identical size the symmetry relations

in a rectangular furnace with regard to width and electrode spacing are
1,~ 56 D~ 2,18 68./

These considerations are important from the point of view of the.
life of the furnace wall which depends to a great extent on the thermal load
to which the surface of the wall is exposed. For the three circular furnace
diameters discussed above this can be estimated by a method based on the
ratio between the pich circle and the diameter of the molten slag bath. The
The method was originally proposed by the Russian designer Bauera (20) and
has been widely .sed in Russian furnace design convention, The principle is
fllustrated in figure VI-19. If T is the radius of the mel: (molten bath)
and r c that of the pich circle, then the maximum and minimum loads per

electrode, i.e. per phase are given as

Ml 2 2 7 %1072 xva/a®
xmax = 3 ((r_-r 5? * 2 2
L moope (rg) "+ 7yeTpe * (rpc) - 69./
P _ -
and . 31 1 o * 5 2 27 x1072 kVA/m2
min . + (p
_(rm * rpc) (ry)"- 7 e ( pc) _ 70./

For a correct design Kmin/Kmax must be equal or greater than 0,9. Now let

us consider the three furnace diameters discussed above. The maximum power
in each case would be 19,5 MW then with the following additional datk we get

Casel Case Il Case Il1I
D, m 6De-7°5m 797D°'9:6m 816De =10,7m
r m 5175 4!3 5:4
rm m 1'88 1,88 1,88
Ko xvA/n® 0,665 1,40 0,835
K" se2 1,20 0,795

min
0,91 0,95

ijn/xmax (5:75) '

ned from thermal equivalency congiderations
cular furnaces the results presented in the

table/. 'Y}

In support of the findings obtai
pertaining to matte smelting ecir
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table cl | ;
o clearly indicate that in case II and III the heating of the wall will
om
paratively even and the design adequate while in case I, from a heat
econom,
Yy point of view the design of the furnace would not bve satisfactory.

The ratio of pich circle to furnace diameter for circular furnaces envisaged
for matte smelting would be
D 8,6 De

f
= = 2 9 71 /
d H .
pc dpc

In the decign of ferroalloy furnaces the electrode spacing is given
usually as S = 2,15 De. When comparing the two furnace symmetries this low
value would serve no useful purpose since the electrode current in a three
electrode furnace is‘fg timee that for the ¢-in-line furnace, The indicated

increased electrode spacing of 2’7De in fig.,VI1-18 would correct for the
difference in current,

As it has alrcady been referred to, Schwarz von Bergkampf from a
model point of view (5) considered the three-electrodes-in-triangle
electric furnace as being geometrically a spherical unit in which the bath
would then correspond to a hemi-sphere, The internal diameter of the bath,

d. on this bascis was estimated as

b
db - 5!1 De 720/
and the total external diameter as 0.9
]
Df(tot) 742 Dg 73./

On taking about 35-4. c¢m thickness .or the walls in rectangular furnaces,

this latter expreusion representing conditions for for ferroalloy production

{n round furnaces would give a value close to the width of the rectangular

unites. '‘woever,; as was me::tioned earlier, due to the entirely different

character of the melt and,K as a consequence, resistivities and heat transfer

in rectangular furnaces, the suggested dimensions would be prohibitive if

furnaces of circular cross-saction were conaidered for matte smelting.

The expression for maximum performance for three electrode round

nanes was formulated by the same author as

fur ’
= 20,2 D, MW T4/

Pw(max)

Gein-line matte smelting furnaces in case of optimum depth

or reoctangular,
o v ’ of similar character to that produced

of electrode penetration in the slag
at RPM equation 74 would become

2 D >im 15./
Pw(max) " 12,5 De ) °
P . 15,2 to 21,0 D, D < 1m 76./
and ¥(max) ’ * 0 Only with/e..
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Only with electrode
diameters of 0,6m or s
maller would
Bergkampf be approached, e fomets of ven

A
8 to the maximum power density (w/cm ) on the surfaze of the

ele
ctrode the expressions suggested by von Bergkampf (5) for electrode

current, highest transiormer tap and efficiency factor relationship

appear to be of general validity, then
I « 5x104D§'6
and the voltage Trom the highest transformer tap
0,3
U = 260D ° 71./

and cosd = 0,90 D:'l 78./

For 6-in-line electrode configuration ditpenaing with spherical and
assuming flat electrode tips, the maximum power density i, case of De =1lm
would be

1,6
(5x104,1)9 . 260D 2, 0.9D:'1

4 - 252 watt/cm2/phase
r nxlo .

In an other form the specific power density (or max. power density)
can be expressed by the suggestion of Morkramer as
- 2 Pw .

E 5y1D§ d 79'/
where the constant Kd depends on furnace dimensions and also on the
characteristics of the slag produced. With an average furnace resistancc
of 10 mohm, operating current of say 18 kA in the range of 17,5 to 19 MW
the value of K would be 6,5 to 6,9 and the specific power density in caee
of the referencp furnaces \D =125 cm) would vary between 237 and 258 w/cm .

B-2.,/ The problem of matte settling.

The next point in circular versus rectangular furnace relationship
is the distance available for the settling of the matte particles.

As was shown this distance depends to a great extent on the location of the
tapholes, On circular furnaces they may be located either opposite to the
en two adjacent ele strodes when these are located in

electrodes or in betwe
If it were possible to release the

n equilateral triangle.
ticles at the surface of the electrode, the distance

tance between this point

the corners of &

bulk of the matte par
e for settling would pbe given by the dis
For the quoted three furnace diameters these were

II= 1,60 and 1I1 =2,0D . Obviously, under
e

availabl
and the furnace wall.

calculatled as 1=1,15 De’

ditions the positioning of the tapholes on circular units may

these comu
become somewhat/,..



Flgure

Vi =20, ESTIMATED ACTIVE AREAS  AROUND ELECTRODES IN EQUILATERAL
TRIANGULAR ARRANGEMENT,

Furnace dismeters i 6,00 (7,5 »)

13 7.7 D' (9,5 m)
1 8,60 (10,7 m)
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becomer somewhat
mewhat difficult. In case of continuous slag tapping the length

as the calculations previousl
; Y indicated, i
rather short in radial direction. No se -

of travel of matte particles,

ttling could be expected in the area

having
& the radius of a circle drawn around the outer surface of the electrodes

cone ic Lo o &
centric .o the surfsce. ULeing equivalent to about 4D, diameter, this

leaves the estimated distance for settling in the ment1oneo order of 1 15D 5
1, 6D and 2, OD respectively, The amount of particles setteld out from the
slag at identical feed rates of concentirate to tne furnace can be estimated
by the method outlined in Section IV, For three circular furnace diameters
in question the values are given in Table VI-1ll, For comparison the table
inrorporates also relevant settling data computed for a rectangular furnace
of the size in use at RPM. The height of the slag layer was taken in all
cases uniformly 1,4 m (-1,12De).

These calculations were performed with the assumption that the
velocity of slag flow in the circular and rectangular units is identical.
Percentagewise the data would indicate that even in the largest, 8,6D. dia-
mater circular furnace with particles smaller thar 80 micron more than 100
per cent increase in matte losses could be anticipated when the location
of the taphole is 28 cm below the slag surface, that is close to the
position of the second taphole on operating rectangular units.

The distance between electrode tip and matte surface is set by
the recistivity, that ie the composition of the slag. As long as this is
kept constant, no significant modifications can be wade to the symmetry of
the system. The depth of the glag bed cannot be increase’ substantially
beyond say 1, ém without endangcring the smelting effic'~ :y, However, the
ntion time in the circular furnace, ou account . i~e volume differences
at identical depths of the slag bed will be less, * .t is at the same
smelting power higher throughput rates can be expected, At higher feed

rates more matte will be produced and thus proportionally more has to be
nerease in matte losses according to some

rete

getteld with an inevitable i

factorial relationochip, For various furnace diameters these aspects are

delineated in Table VI-12 with the inclusion of data obtained for a rect-
The matte lose was estimated by multiplying

angular urit as a comparicon.
e throughput rates with the factors respectively 2,5, 2,0 and

1,60, and 1,150, ) relating to the furnace diameters of 6 D,
7,7 D and 8 D cn whe baeia of figure V1-20, The depth of slag layer

g uniformly 1, 4 m and the location of the tapholes opposite to the
wa
elow the top of the molten slag. Conditions were

the relativ
1,44 (=2, OD '

electrodes about 60 cm b

regarded as being close to steady state similar to those prevailing in part

f the rectangular furnace. Because of thin and the

of the settling zone ©
unknown/, « «
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unknown factor of increas:zd turbulence in circular units the calculated
values can be regarded as highly conservative,

In an alternative arrangement the tapholes on the round furnace
could te positioned in between the tlectrodes, This may be of scme
advantage because, as it will be olLvious from figure VI-20, the tapholes
would be beyond the active area of the electrode and, consequently, the
distance available for settling would e greater. However, by the indication
of the graph t.is .uicrease, about one electrode diameter is far from being
adequate to bring about a substantial improvemeal in matte settling. In
addition, from more involved symmetry considerations, the hydrodynamic
wotion of the slag bath with circulating electric field in a round furnace
18 more intensive than in a rectangular unit and the active area would take
up the form of a circle instead of a clover leaf shape.

Reverting now to the re¢levant equations in Section IV, the ex =
pression for the quantity of mattc settled ~n be forn lated in terms of
furnace diameter, Taking the coalescence factor fc as constant in the
range of the diameter investigateu =nd « noting the clag flow velocity -
matte settling velo~ ..y ratio by u“/al, the length of travel of the particle
from its point of rclease by L, the ratic of total slag depth to the location
of %he taphole ty rﬂ/h and the furnace diameter by Df while w;°t is left for
the total weight of n-tte to be settled out in the unit, the settled matte

weight w; is given in per cent by
n tot

8

wM » uM/slaL.rH/hon,wM 80,/
Since rH h {s constent in all cases and at equal throughputa, on account of
the identical depths of slag bed‘uM/sl is also constant, the settled matte
weight is primarily a function of the point of release, i.e, the length of
travel of the particle; L, and the diameter of the furnace Df, thus

8 n
Wiy o (Df) . 1 81./

In other words, at a given electrode diameter the settled matte weight
varies according to a certain power of th. diameter of the round furnace,
From the data of Table VI-12 by extrapolation it can be estimated that a
furnace diameter of approximately 12,5m would be equivalent in settling
efficiency at the given arrangement of the three electrodes with the
efficiency of a 6-in-line rectungular furnace. From a heat economy point
of view this diameter carnot be regarded as an entirely sound proposition,
Pertaining to power input to a three-electrode circular furnace

and a gix-electrode rectangulsr furnace further calculations indicated

3 MW maximum power input the size of the electrodes
in the/a s

that for an equaly 19,

P
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i
n the former one should be 1,6 m dia, (21). Sinca its specific hearth
reaistence is given as

1 -m» U
%y RnD, = qqznD, ohm.cn 82./

therefore the current for the three-electrode circular furnace will be‘fB
times that of the 6-in-lire unit. This wculd be counterbalanced by increased
electrode spacing in the proportion as discussed before, In this way an
overall furnacc diameter of 13,8m wac estimated as being capable of holding
the same depth of slag as a rectangular unit. Then the slag volume in the
6-in-line furnacc is 27x7x1,4 = 255 m° while in the three-electrode circular
furnace D2rﬁ/4xh = (13, 8)2x3 14/4x14 = 209 mB. With the same power
input and ¢ antity of feed material the same amount of slag will be produced
but the retention time for the circular furnace will be

Q (209/255) = 0,82 8 83./

=
cire rect rect,

that is about 20% less,

The settling distance in the settling zone is defined by the radius
of the smelting zone of the electrode, which, in a rectangular furnace would
reach approximatcly half the length of the settling zone, leaving around
2 D length for a more quiescent settling of the matte particles., Because
of the increased flow velocity of the slag during the addition of converter
return, the shape of the actlve area( i.e. the agitated region) around the
laet electrode at the slag tepping end might become distorted and assume an
elongated parabolic shape in the direction of the flow, reducing therebdy
further the available 2D settling length, Even 80, the distance available

-~ +tling, as shown in figure VI-20 will not be quite equivalent to this
»cular furnace.

4n alternative way of improving the settling of matte in a cirocular
fv . 14 be offered by intermittent slag tapping. Howcver, the main
disaavantuge of discontinuous slag removal is the increased fluctuation of
the slag level leading to disturbances in the process of smelting; in the
control of the electrode position, voltage and smelting efficiency. From a
gtandpoirt of modern trends in operating practice, the method would in

general appear as a retrograde approach,

2!/ Comparigon of thermal efficiencies,

In comparing thermal efficiencies between circular and rectangular

furnace geometries the data supplied by Barth (22) on heat needed

by an electric furnace
a rough estimate. Unfortunately the data are old and by no means truly

producing copper-nickel mattes might be considered

for
representative/...
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Presentative for the presently discussed units, Nevertheless they may
€ive an approximate idea on the nature of heat requirements in the process
of matte smelting as snown in the following tablet

Source of heat loss Per cent
Joss
Water vapour 5:3
Endotheraic reactions 8,8
Heat in matte 14,1
Heat in slag 29,8
Heat in waste gas 25,4
Flectrical losses 5,2
Radiation losses 11,4

From the table it would appear that in case of tresating the same amount of
concentrate and producing the same quantity of matte and slag, the only
possilility for improving the economy in a circular furnace is offered by
the decrease in radiation losses due mostly to sho: ter residence time of

slag and matte in the furnace,

As to the charge of heat losses (denoted as H, and Hl) with furnace
size Pashkis and Persson (18) gave the formula as

HZ/Hl - p 84./

for round furnaces having three eleotrodes and used for ferroalloy production.
However,; with rectangular furnaces the direct proportionality of heat losses
claimed in the above equation {g not so obvious when the relationships
displayed in fig.,V1-18 are taken into account, From the graph the relation

between furnace width and power input can be expressed as

0,312

1, - 2,76 28 85,/

where 1 as & symmetry parameter is fairly reprve :ntative of the size of
the furnace, I 3an be anticipated with reaso. ple certainty that the heat
joss will wary in a close to straight proporticn with Pw from which it
follows that with lw the heat loss will vary alsc according to Pu' that is

1, = 2,8 KoY 86./

will actually be the expression for heat losses with the variation of the

{ze of the units, where H represents heat loases in rectangular furnaces.
8
In rectangular versus circular symmetry relationships equ. 83

he used a8 8 pasis for comparison. In comparing two units of equal
oan
performance in tne varioun symmetries, aftcr the fashion of the previous

paragraph/...
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raragraph the
graph the bed depths were taken as identical, Then from the proportion

of sur .
face areas and residence time of materials the following empirical
equ
quation was found to reflect approximately the difference in heat losses

in the present context of the mode of operation and the material handleds

Ac Oc
HC - HI‘ 'A‘;-fk(ls-g—') 87,/

r

where Ho' “ro ko Ar, and © , @ denote heat losses, areas of operating
units and residence times respectively in circular and rectangular furnace
symmetries. The value of k depends on the character of material treated

and it was estimated as k = 0,45 to 0,50 in this study.

g,/ The effect of the grade of concentrate jrocessed in the furnace.

Finally, in the scope of this section « brief reference should be

made to the effect of the grade of concentrate uced in the process
of smelting'upon certain cperational parameters. The earlier estimate
cornicerning thematerial throughput in the furnace agsumed a feed of uniforn
composi.tion, This assumption related particularly to the gangue material
content of the concentrate which, in fact, ir the operation of the refzrence

furnaces at EHM is kept within a reasonably narrow range.

However, the grade of concertrate set by the gangue material
content has an important bearing on the slag- mattie ratios of any type of
smel ting process be it represented by eleotrothermal or reverteratory
practices. The level of gangue material is prone to excessive fluctuations
from one ore deposit to the other, botn from & qualitative and quantitative
point of view. It is primarily the qualitative aspect, that is the change
in the general composition of the gangue that makes predictions pertinent to
the qunntitatiVe effect, that is the actual amount of gangue present,
aifficult. The chnnge"ﬁts composition will alter the corposition of the

glagy 8as 3 result the physical characteristics of the slag will also alter

and this may bring about al
gucceasful emelting practice. Since in the present study the physical

cteriaticﬂ'have beer. determined for a particular range of slag com-

together differert conditions necessary for &

chara
ition relovant to & given range of gangue quality and quantity, any

08
P rom this line would rerder predictions as t0 the effect

gerious deviation f

of the quentity of gangue neaninglees,

In the following/...
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In the following simplified approsch it will be suggested that

with ihe change of the quality of gangue material in the concentrate the
chemical compocition of the gangue alters only in such a way that its effect
upoa the compesition of the slag produced will not be sigrnificant so as to
necessitate sizeable alterations to the operating parameters of the furnace,
In other words, the characteristics of the slag will vary at the most within
the range investigated in this study, Thie asaumption obviously entaile
that the quantity of the limestone flux required for efficient smelting
varien proportionately with the quaatity of concentrate treatel., The amount

of mceisture to be evaporated varies also proportionately with the weight
of the concentrate,

Conditione pertinent to the grade of furnace matte, quantities of
gangue and flux and slag - matte ratios are summnarised in figure VI-2l.
To estimate the values shown in the figure the following relationships based

on practical operaticn were conesidered:

Standard weight of gangue wg(st) = 0,60 to 0@65),\1°
Weight of concentrate Wc = 1,0
Weight of flux wfl = 0,2 wc
aloor Wy = (1,0/0,6 to 0,65)x0,2 = (1,43 to 1,54).0,2 W,
then L = (0,3 to 0,33) e

The energy uceded to melt the concentrate of various gangue
material content can be estimated by using as & first approximation the
latent heat of melting of the gulphide components, Q;es and that of the
Zangue Qt. The ganguoc, as it was mention ir Section I is a multi-component
system of complicated minerals of which both the heat of formation and free-
energy of formation values are relatively low as compared to the latant heat
of fusion, Thus tho energy requirement is given primarily as latent heat of
fusion of concentrate + flux ¢ decompoeition heat of flux (CaCO}) + heat

L
needecd to cvaporate moisture, For the concentrate Qc

] L L
Q’O{' = Qs mes * Qg 88./
The total heat required for smelting s then
' L L b L
Qp = Vrmes * %t U1t Yovep * 89./

here pubsoripts to latent heats QP refar totr MeS = metal sulphide; g =
v o

gm = smel ting, .
needed to raise the temperature of the charge %o an

average/. ..

o f£1 = flux, evap = evaporation of moisture. Q.n is
ganguey
the heat quantity




- 164 -

avera 0
8e 1400°°C of the melt system expressed in the form
Q'H = vawche AT 90s/

:2:;:5:5T - T, - Ta’ the difference between the reaction temperature and

In the present case the heat requirement will be assessed from the
thermal balance of an operating unit. The thermal balance set up by Barth
(22) as was referred to earlier in this section relates to the operation of
a moderately sized, or by today's standard small, and technologically some=
what obsoleie furnace that had been in operation some time ago at Imatra in
Finnland, Therefore it does not really represent conditiuns obtaining in
the reference furnaces at RPM, Data relevant to these units were recently
given by Mostert and Roberts (7) by which the heat output of the furnace,
or absorbed heat is as follows:

Furnace slag 49 per cent

Endothermic reactions i8 * ¢
Furnace matte 7 * "
Radiation and

electrical losses 16 = 0
Furnace gases 10 * %

On the basis of the table the quantity of heat actually utilised for
smelting (Qsm) ag related to the total heat added to the furnace le will

be
Qsm - 0974 Qel 913/

The energy consumption of the furnace based on long-range operating
practice was fuand to be 897 kwh per tonne of concentrate and 683 kwh per
tonne of charge; i.e. 0,689 kwh per kg as related to equivalent weights of
concentrate and total charge. Therefore Q_, = 0,689x860 = 592 kcal/kg, thus

the total veeful smelting heat 2Q, = 692x0,74 = 439 keal/kg and the

corresponding power P, = 0,510 kwh/kg. This amount of heat includes the

raising of the temperature of the material from ambient to the average (14000)
temperature of the slag. With a specific heat value of 0,192 kcal/kg charge
heat needed to increane its temperaturc to 1400°C will be 1400x0,192 =
per cent moisture contained in the charge

‘Lue
268 kcal and the evaporation of 2
represents 489x0,02 = 10 kcal. Then for the actual smelting of the con -

centrate will be needed 592-278 = 214 kcal/kg, that is in eleotrical energy
= 0,25 kwh/ke. |

The C_ value of the charge at various gangue levels can be

m the increase of the metal sulphide contents. As a first

Pom(ch)

caloulated fro
n the specific hoats of the pure oxide and sulphide components

approximatio .
unt (together with that of the limestone flux) for

were taken into acco
average Sangue/,"
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Zve::fzeia:§u:h:"ih:it:1 ::iphfde compoeitions, The estimated change of the
agown in fig QI o ge w . the change of the gangue mineral content is

+ V1-22, which includes in addition the heat and energy
requirements to bring up the charge temperature to 1400°C, the trend of
the plot representing the specific heat rcflects the lower heat capacity of
the sulphide constituents with their increase in the charge. Naturally the
heat nceded for melting the charge decrcases with the rise of the metal
sulphide nontent, The total effect of the rimultaneous decrease of the
gangue content and the increase of the metal sulphides, or vice versa, is
hard to evaluate without the true knowledge of the cdegree of participation
of the various minerals in the concentrate. As was mentioned above, the
preseni estimate is based on the thermochemical behaviour of the pure oxide
and sulphide componenis of the charge. As a consequence, it can be regarded
as being more a qualitative than quantita. ve indication pertaining to the
effect of the gangue mineral content upon the energy requirements of smelting.
Graph VI-23 based on the mnode of calculation delineated above represents the
estimated variations in power requirements with the change of the gangue
material content of the charge, It would indicate that sizeable savings
in smeltiing power could occur when the grade of the concentrate is increased
say from 5 to 10 per cent. For simplicity the relationship between the two

parameters can be regarded as linear and expressed in the following forms:

Py(c) = 0:63 wg(t/t conc) + 0,5 Mwh/t concentr, 92,/

and Py(ch) ° 0,47 wg(t/t charge) + 0,4 MWh/t charge 93./

Figure VI-23 includes also the effect of the gangue content on the slag -
pmatte mass ratio in the furnace expressed by the formula

Rg1/m = 0068 W (%) + 0,35 94./

A combina’ion of equationsa Vi-92 and 93 with those given earlier for power
and furnace size (the latter exrressed in terms of electrode diameter)

to furnace capacity will then give the effect of the gangue
cnntent of the feed upon these parameters. With other conditions

pertinent

material
being equal the weight of charge that can be smelted is a function of the

grade of concentrate Cg and th

, ,» diametert
elevtrode d Vo £(D, Cg) 95./

e size of the furnace represented by the

ghown before the relationship beiween power requirement and the
Ap was

un weight of oconcen
jon in the reference

trate that can be processed in one day's (24 hrs)

xim
e furnaces is given hy the formula

operet we(t/day)/.es
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‘ o .
n tons/hr W (t/nr) = 0,84 W
¢ 1,1 Pw o7 /

These expreasi
:asions
sor tomme of conoesivetthe average high value of 0,897 MWhmwer required
entrate treated ' ’
PW(MWh) ed, that is in terms of the operating power
F
Pw/ton conc, = -_ﬂéfzhz_ /
98,

1,7 P:’84

This relate
es to a concentrate having an average 62 to 65 per cent gan
gue

content. Then with e X
qu.92 the effect of t
e tin w11 o he gangue content on the
P (Mwnh
0063ow8(t/) + 0,5 = ""!g"'?"
1,77 #+%4

or
B .,0:84
(M) = 1,77 $07°0(0,63.W (/1) + 0,5) 99./

Closing remarks to Section VI,

In the design of electric smelting furnaces the foregoing
considerations clearly indicate the importance of the character of the
material to be processed irrespective whether the aim is to produce say
ferroalloys in thiee-electrode, submerged-arc furnaces of circular cross
u and Ni-bearing concentrates in six-in-line electrode,

gection or to treat C

rectangular units, vith a view to obtaining mattes for further treatment by

convertional corverter practice.
of 1little importance provided the feed to the furnace

In trie latter case the actual composition

of the concer.trate is
ig in a suitable physical form.

glag, such as liquidus temperatures,
nt. The vastly different nature of these para-

The physico-chemical characteristics of the
viscosities and electrical conductivities

are however extremely im orta
meters for example in the p:tduction of low- or high-carbon ferromanganese,
ferrochromium and ferrosilicoan necessitated intensive investigations into

e furnace
both furnace derign and operation, From the

{ investigations it is now apparent that, as
apart from a very few truly basic formulase, no

the geometry of th leading to careful delineation of the k factor
for the test economics in

results of the large number O

has been emphasized already,

lationships whatroever could be devised that would be representative

general re
e.g. with regard/...
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e.gs Wwith
of product egard to furnace resistance and cell geometries of a whole range
oduc ,
facto 8 without the use of various empirical constants and correction
r ake
8 to take account of the behaviour of both feed and product.,

rorlodge oint::i:h:i:tion it was denonstrated, how in the light of the

cteristicas of furnace products the basic geometrical
relationships of a rectangular furnace can be delineated and how with the
ald of the similarity principle these ccnsiderations can be extended toward
the scaling-up of furnaces. To simplify the approach, the results obtained
with slags of rather narrow composition range were used, therefore the
validity of the proposed formulae is restrictid primarily to the particular
characteristics of these slags or to slags of different composition but of
similar physico-chemical nature. The geometry of the furnace was then based
or the character of the slag which actually defines the working area for an
electrode of giver. size and from this the dimensions of the furnace. In this
way the fundamental factor for design becomes the property of the material
to be processed. Due to this approach, most of the proposed formulae are

empirical in nature.

The basic shortcoming of the method used is undoubtedly in its
reliance upor a limited composition range of material processed and slag
produced which makes extrapolation to other ranges of composition and
characteristics rather difficult. Lgt the point be illustrated by the
example of heat distribution around an electrode of the same size as used
in the reference furnaces. Three different slags, derived from various
concentrates,; are envisaged to be produced with which the high temperature
gone under the electrode will be 15000, 1550° and 1600°C respectively., By
the method of calculating radial heat distribution in the molten slag around
the electrode (see Section IV) the conditions shown in Fig. Vi-24 will be
obtained. In order to facilitrte the delineation of comparable working

electrode areas;
same electrode position.

all three temperatures are assured to come about at the

The variation of the active area with electrode diameter was

n this section by the formula

a, = KV, K~ 5,0

e under the electrode and around its tip was assumed to

described earlier 1

when the temperatur

o
pe uniformly 1500 Ce
change of T in the expression

Thug the above equation relates to one temperature only,

whereas with the
! - XX
'1‘x /
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T;( = AT Ko(x)

where AT = T
( 4 T Ia' i1.e. the difference between the upper and lower boundary

temperatures, sece Section 1V) the extent of the area will also he prone to
variations as illustrated in graph VI-24. Added to this one has to take into
further considcration two important parameters affecting dA’ viz the deptn of
electrode immersion (p) and the depth of slag layer of assumed relatively
constant temperature (J) (see Tables Vi-5 and VI-6). They define the area of
overlap between the active zones of adjacent electrodes which, in turn,
affect the energy distribution, material flow and matte settling characteristics
in the furnace. Ultimately, the active area . ‘1l set the electrode spacing
and thereby the entire geometry of the units. In relation to submerged arc
furnaces of circular cross scetion having three electrodes in an equilateral
triangular contiguration Kelly, as was shown earlier, went into great detail
to define the extent of this zone being considered as optimum for electrode
spacing, i.e. from a furnace design point of view. Appendix III contains
additicnal notes on the erergy and symmetry relations in relevance to
electrode diameter and active area.

From the above linc of thought it is apparent that the exact
determination of the working area of an electrode and with this also the geo-
metry of the furnace becomes an extremely compiex probler wher. slags of
different characteristics are taken into account for design purposes. In
this instance the present investigations would indicate that for an adequate
furnace design it is necessary to have a good knowledge of the physico ~
chemical ch~racteristics (i.e. first of all viscoeity, electrical conductivity
and liqui. temperature)of the slags to be produced. In the knowledge of the
liquidus temperature in case of submerged electrode, slag reaistance heated
furnaces the active area of the electrodes mey then be estimated in the out-
lined fashion vased on simplified heat flow considerations and in the de -~

termination of settling areas needed for efficient slag-matte separation.

As tor a general conclusion, in adequate furnace design the

necessary electrical parameters ghould be derived from the character of the

materials & prineiple
11d correlation in electric furnace design. in Andreae's electrode periphery
va

resjstance concept.

which is summarised In probabdly the only generally
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/\I’I' YnDIX I,

D ati
erivation of the expression (equ.IV-7) for radial heat conduction
from the electrode in the slag,

Consider the close to constant temperature region of the slag

layer of uniform thickness J with inner radius ri and outer radius r

as shown in figure IV-5. [he temperature on the electrode surface (r,)
is T an! at th i
Wha ¢ end of the outer radius 'l‘a. By the three energy arrows

in the figure lhe energy balance becomes

q' r - q‘ redr * e 1./
the appropriate rate ejquations are
iy - [}'szgTJ i 2./
ar
% rear [kJZrn'er r+dr 3/
0o, = 2h(2rndr)('l‘s'1‘a) 4./

The area 2rfid 4is a function of r and the multiplier 2 in equ.4./ for
q, accounts for heat losses from both sides of the temperature zone.
uubstituting the rate ejquations into the energy balance we get

[kJerr:z] . [kJ 2rm 23] cogp * ATTR(T-T,) 5./

Combining the terms r and r+dr end dividing by dr

| d7 ‘ d7 |

| xd2r —l -l szrn—-l

_[_' " ar) redr ArJ T 4rTWh(T~Ta) 6./
dr

dT
Then with limes dr—=0 ar [kcf2rrrd] = 4r‘nh(T-T‘) 1./

Because of constant thermal conductivity and layer thickness, kd2m can

ve removed from differentiation. Upor dividing by kd2m  the equation

becomes 4 of oh
— - - 8@ ‘
dr[r dr] g T(1-T,) /

rerforming the differentiation (treating here rdT/dr as a product) then

rearranging and Aividing by r gives



g Aoy ey e

232 L3247 fffflzsl o | 9./
dr2 T dr xd
The boundary conditions are T = Ti at rer,
and daT

-E-O at T =Y

In a non-dimensfonal form we can define

T-T

. a
T =7

and F e =
ieTa o

The expression 9./ will assume the form

2
dy  1dy _ ‘ 10,
dr2+r'dr sz /

where M2 - 2 hri /xd
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APPENDIX 11,

To the aspect of coalescence

in the settling of matte when smelting Cu-Ni

sulphide concentrates,

Due to its substantial impact on the settling of matte, particle
¢dalescence plays an important role in the dimensioning of furnaces used
for smelting Cu-Ni sulphide concentrates. This aspect will be investigated
in the following in the light of literature data coupled with the results

obtained in this study Ly microscopic testwork pertinent to industrial matte
settling conditions,

Pertinent literature data.

With regard to coagulation in polydispersed systems, close to 50
years ago Tuorila (1,2) conducted fundamental studies the results of which
are of particular relevance to certain features of matte settling in molten
slag and can be applied successfully to the investigation of particle co -
alescence in the slag-matte system of smelting furnaces. The concept is
based on the theory of fast coagnlation developed by !Miller (3) with a
strong emphasis on particle interaction, wherety thev;arger spheres ast as
collectors upon the smaller ones in the process of settling. This action
is envisaged to take place in a hollow cylinder. If the average mass of the
small particles between their point of release from the concentrate and

length of travel hg at time O is Z.mh. then with the starting mass being :Emo

Im - 7;:"(1 - %) 1./

gives the number of smaller particles in the layer of the bed from which the
larger grains have already been separated. The constant x in equ.1l./ can be

evaluated by setting xB=y, 80 the expression Lecomes

th 1 -y
TEE; - ;(1 -ev) 2./

Ruoeian investigators (4, 5, 6, 7) carried out detailed studies on
the varioun aspects of coalescence with particular reference to the behaviour
of matle particles in the clag-matte system of smelting furnaces related
.imarily to the problem of ctpper production. The composition of slag in-

vestigated in this work was 44,7% FeO, 44,8% 8102’ 10,5% Ca0 while the low-

grade matte contained 19,4% Cu and 31,64 S. In the lavoratory tests the

syntem was kept at 1300°C under an atmospehere of argon and at various time-

{ntervals samples were taken and subjected to chemical, microscopic and

X-Ray analysis for the size and copper content of the matte particles, The

degree of coalescence Was estimated by Tuorila's formula with the

results shown/...




Figure A~ 1.} VARIATION OF PARTICLE COALESCFNCC AND INTSRFACIAL TENSION
WITH TUE Ca0 GONTENT OF THE SLAG,

{ arter Vanjukov and Zaitsey )
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results shown in the following table:

Tab - T- '
le A-II-1, Copper distribution in various matte size fractions

a8 a function of the settling time of matte particles.

Settl, Copper TFraction
time content of non- Do
min,  in slag coalesced 0,07 °+007- 0,01050,021- 0,035~ 0,049~ 0,07C

Fraction, mm

% particles 0,010 0,021 C,035 0,049 0,070 0,102
by Tuorila's Distributi f
e ribution of Cu, per cent.
10 0,226 100 80,0 12,3 7.7 - - - -
20 0,245 71,5 68,7 8,4 12,6 10,3 - - -
60 0’2}6 63.5 59,5 6,6 10'8 10'} 805 4!} =
90 0,245 96,9 48,8 15,2 6,1 58 55 89 9.3

For the calculation of the non-coalesced fractions equations 1 and 2./ were
used. Vanjukov and Zaitsev (6, 7) evaluated the interfacial energy for the
quoted slag composition using the equation proposed by Sapiro (8)

dF = dipzds 3./

in which dF: change of the free energy of the system; & interfacial
tension tetweern slag and matte, ds = change of surface division between
phases. As to the effect of the variation of the Cal, 8102 and rb304
contents of the slag they arrived at the relationships shown in figures
A-II 1 to 3. From these graphs it appears that
a./ the increaee of the Ca0 content (up to 16 per cent) increases the
fraction of the non-coalesced particles., Higher interfacial energy
ig associated with a higher degree of coalescence}
b./ the increase of the SiO2 increases linearly the interfacial energy
and simultaneously also the degree of coalescencej
c./ with the increase of the magretite content of the slag from C to
about 3 per cent the interfacial energy becomes roughly halved
lecding to a close to 90% decrease in the extent of coalescence.

2,/ Applications to the slag-matte system investigated in this study.

Although no practical work has been performed in the scope of the
present study, the considerations und data displayed above may permit to

draw some general conclusiong pertinent to the degree of ccalescerce that

could be expected in the slag-matte systems under investigation,

The compotlition of the glag quoted by the Russian researchers is

altogether different from any of those of the presenf study. The high FeO

content/. e
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Figurs A- 5,0 SURFACE TENSION AND SLAG COMPOSITION RELATIONSHIT AT 1400°C
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Figure AV/L ¢, : '
) EFFECT OF PARTICLE GDALESCENCE, = WEIGHT PER CENT COPPCR OISTRIBUTION

Laboratory test recults after Vanyukov und Zaitsev.
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content and tho complete ) . .
plete lack of MgO and A1205 though with a comparable low

range of Ca0 suggests coneiderably reduced liquidus temperstures and viscos- !
itles, which ig also apparent from the low, 1500°c temperature of the tests.
llowever, due to the higher reference temperatures (1400°C) of this study the
viecositics of the two types of slag, i.e. one at 1300°C and the other at

1400°¢C b
‘ may become comparable. VWith this simplifying approach the viscosity
effect should be similar in the two systems,

The change of the surface tension with slag composition in case of
slags uscd in ihe present work was estimated with the aid of the formula
proposed by Boni and lerge aud this is summarised in figures A-II 4 and 5.).
Data on the interfacial tenusion between fayalite slag ard nickel matte with
various FeO-NiBS2 ratios in the matte is also available in the literature (9)
according to which the change in both surface tension and interfacial tension
in the range of a matte grade of 15 to 23 N1582 {s not very significant and
follows Ly and large a parallel trend. Using this information as a first
approximatior for Cu-Ni mattes with a total metal content of 25 to 28 per
cent, it is possible to judge the effect of the variation of slag com -
position upon tha extent of the change i1 interfaciali energy and, in the
knowledge of this, on the degree of matte partiéle coalescance in the present
system of 8iags. In comparing figures 4 and 5 with 1 and 2 it would appear
that the increase of the Ca0 and g0 contents of the slag within the rarnge
of plant slag compoeition would exert only a very moderate effect on the
particle coalescence, probably not more than 5 to 10 per cent. An increase
of the 510, content from 38 t. 46 per cent, on tnc other hand, would be far
more significant, However, & gimultaneous reduction in the Ca0 and re0
constituents may, to a certain desree, counterbalance tre effect of silica
go that the net result would be far less spectacular than that represented
' Likewise, the effect of the magnetite content of the slag

by figure 2.).
may be considerably diminisred by the fact that in electric furnace smelting’
of Cu-Ni bearing concentrates the level of the magnetite content in the slag
is usually above the 2 per nent mark. Then by graph 3,) its variation above

say 3 per cent may be equivalent to a modest 5 to 10 per cent change in

particle coalesacenco.
Obviously, this comparison gives & gsemi-quantitative picture at tre
f the conditions pertinent to the coalescence of matte particles in a
working electric furnace. The difficulty of comparing laboratory test
rerults with data obtained from the plant will be apparent from figure A-11/6
in which the data of Table A-I1-1 obtained in laboratory tests are shown as
results of this study on matte particle distribution found
in plant/...

best ©

compared with the
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in plant slags.
plant slags. Apart from the great difference in retention times of the

matte 1 Vo §
n the slu# in laboratory tests and plant runs (1% hrs of the longest

labor 4o g i ;
ratory ‘eat as azai it some 35-36 hrs in case of the plant slag) other

f 1ike
- actors like stirring ~ffects and, due to extensive temperaturc gradients

in a vorking unit, viscosity effects which cannot be simulated properly in

an experimental set-up, will render the efforl of drawing quantitative con-
¢lusions rather doubtful, Notwithstanding the fact that oy the indication

of figure 6 b.) there apprars to be a good agreement tetween the theoretically
predicted (dotted line) and experimentally found rates of matte particle
coalcscence up to a size range of 10 microns.

On the other hand, the comparison of experimental and plant data
clearly indicates tiie important role playcd in matte setiling. DMention was
made earlier of the dependance of matte particle size released during
smelting upon the fineness of grinding of the concentrate. The range of the
gcreen analysis of concentrates after Rammler (10) is shown in figure A-II.7.)
for unroasted aud roasted material. This graph can be used alsc in the
context of Cu-Ni concentrates. The grinding fineness of the ore in the
practice of the Fustenburg Platinum Mines is minimum 50% -200 mesh,(i.e.

15 microns) and about half of the flotation concentrate is probably below
the particle size of 40 microns. Under these conditions the diameter of
the most fruqﬁent piytieles by the data of Rammler is between 4 and <0
micron. On the baric of figure 7.) the range of the most frequent particle
size in the RFM electric furnace slag is shifted to between about 15 to 40
micron which, in practice, represents only 1,2 per cent by weight of the
total matte actually present as flcating, undissolved material in the slag.
It should be noted however that the samples used in the microscopic in -

vestigations were taken partly from the matte sounding hole of the furnace

away from the point where the slag is being tapped.

The weight-size distribution of matte particlecs left after various
settling times floating in the slag as shown in figure 6a.) wae estimated
after Varjukov and zaiteev on the basis of *he metallic contents of the-se
fractions. (see Table A-1I-1.). Therefore the data of the table are also
indicative to the number of particles in the varioue size ranges which for
n the 10 micron gize range must be quite considergble at the start

example 1
50% copper content even after 14 hrs of

in order to acoount for close to .
settling. If the reduction in the number of the very small particles of

matte could be attribut

cent of the size range from the smallest size up to about 15 micron should

alescence with the larger grains in order to reach the low
weight fraction/...

ed primarily to coalescence, then more than 90 per

be removed by €O

|
|
1
s
i
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weight fraction estimated in this study. This would indicate a very ex =
tensive coalescence of the smallast size particles in the furnace,

B
] Y an approximate estimate, the contribution of sulphide losses in
orm of particle carry-over to the total losses in the slag systems of the

clectric smelting operation investigated in the present study would be
arocund 50 per cent,

References to Appendix II,
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AVPENDIX II B,

Cal R
culation of the extent of stagnant flow region i1 the slag bed.

As the foregoing considerations outlined in Section IV would suggest,
due to the action of the electrodes no uniform flow velocity exists in the
molten bed of slag, From mass balance it is possible however to asuign an
average flow rate to the slag bulk and with some approximations calculate
the extent of the stugnant region prevailing in the bath, Unfortunately,
this kind of effort as the related work of Themelis and Spira (15, Sec. IV)
on the flow velocities obtaining in the slag bed of a reverberatory furnace
would irdicate, cannot be expected tc lead to highly conclusive results.
Nevertheless the results obtained could be useful for general orientation
purposes which would justify a short survey on this topics in the scope
of this Appendix,

To estimate the velocity distribution in the moving bed of slag, the
principle of channel flow may be applied to matte smelting furnaces of rect=
angular cross section, In general operating practice the depth of the slag
bath in the reference furnaces varics between 1,3 and 1,6m, dbut for the
the purpose of illustrating the principles involved the calculations will

be based on a shallower depth of 1,3. m.

Extent of the stagnant flow region in the slag bed.,

mhe idcalized corditions for the calculation of the flow profiles
whereby an average temperature for the slag vath and laminar flow with no
electrode action is aasumed could be attained in certain areas of the matte
gsettling zone of the furnace. In case of rectangular ducts for a constant
axial pressure gradient (dp/dx = const.) the parabolic velocity distribution

is given by the well-known formula
- d 1 |
o) - Lt 1l @] 1./

laminar flow according to Geiger and Poirier (Ref 13 Sec. IV) the

and for
velocity distribution in the knowledge of the volumetric flow rate may be
estimated with the expression
u = E_S!- 1 - (%2 2./
21H H

here Qwsvolumetric fiow rate, 1 =w1dth, H=depth of flow media. For an

ample let the conditions obtaining with the reference furnaces apply, that
ex

width (1, ) = Tm;  8lag depth (1) « 1,3m; average slag flow rate
(without converter return)= 21 tona/hr; specific gravity of slag

at a reference temperature of 1400 C=2,8 g/cm’»

ist

Therefore/...
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Therefore W = 21,0/2,8 - 7,5 o’ slag/hr

/
With equ.2./ the expression of vertical velocity distribution in the

particular case is then 3
% 2 [
—l (X . XL | (X2
2 1wu[ (H)} 2x7x1, [1 (1,5)1

= 1,39 - 0,89 x° 3./
The mean residence time is expressed as 9 = L/u, thus the fraction of slag
that remains for 2@ in the furnace is between x = x' and x = H when x' is

defined as the value of the distance x in velocity relatioships as u = u/2,

Since u = Tsﬁ 4./

1 3 - -
then u = 5-7%{?3 = 0,413 mhrt = 0,023 om.sec™’

Thie particular average velocity will be representative of a slag bed of
0,413 = 1,39-0,89 x2 that is x 1,0m

Therefore tne fraction of slag with residence time greater than 2 © will be

1,21-51,0 - 0,23

which is the expression of the ratio between the free-flowing and stagnant
region of the slag bath and would suggest that only about 23 per cent of the
total flow falls into the stagnant flow region, Obviously, under the
jdealised conditions set for this estimate the stagnant region is smaller

than that measured in a working unit with the use of radiocactive tracers.
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AVPENTIX 11T,

Th ‘oct o |
e effect of the ertent of overlap hetween the active areas of electrodes.

Pertaining to the extent of overlap of the working areas between
two electrodes it is apparent that the principle of heat or energy distribution
in concentric circles around the periphery of the electrodes will break down

in the areas of ovcrlap, A more uniform heat, energy or magnetic flux profile

with narrower range of variation will be characteristic to these areas
espacially between electrodes of the samec phase. Correspondingly, the

relevant viscosity and electrical conductivity profiles outlined in Section IV
will be also modified.

As to the energy distribution between the overlapping and the total
working regions of the electrodes let the conditions be represented by figure
A/111-1, in which A=total cross-sectional active area aroun’ one electrode,
&lnhalf width of the area of overlap, A ,= dA-(i (dA-diameter of active zone).
In the graph a uniform y component of the energy field Ey is produced in the
region of overlap of the two circles. The energy field is given by (1)

o SS ;
E, = — dx dy 1./
y 27 2 + y2

This equation is integrated in the limits

for x X = "&1 to Kz

Ky 44 2 2
for y y=0 J( 122)"(1"(1)

[Ki+hy 2 2
W252) - (x-4))
that is E = E?%g S -—§~5-—5 dxdy 2./
x +Y
x=-A y=0

on solving 2./ the total area against the overlap, thati is a dimensionless

area expression will be

2
. P Y P N L S
l(i i ‘ (Az/&l)-rl
4\/6‘2/‘1 (A2/41)~1 3./

QZSETS

ergy distribution per unit active area becomes

and the en
E:AI - — AZ/KI 3 -
B (1 wkgR)T- 2 cos™ S B (T —j}
| (bt 3 (Rerh)en? |,

"*.)«1

1
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To apply cquation 4,/ to the part

.ar case of rectangular elect
the mode of pr &u e ric furnaces

o 0 ocedurs is as follows: in case of a 6-in-line electrode con -

guration the v

e : value of 2&1 ie usually btetween the limits of 0,25 r, and 0,5
s {T) = radius of active area), thenlﬁl is between 0,125 r

and 0,25 rA as
shown in graph A/ITI-1b, Obviously the range Ry = 0125 r, to0 0,25 x,

cor =
. respozds "ith‘<2 0,875 r, t0 0,750 r,. On taking now 5 equal distances
etween 1 ° 0,125 A ~ud 0,250 r, the following values will be obtained:

A

£y 0,125 0,150 0,175 0,200 0,225 0,250
A= 1-(1 0,875 0,850 0,825 0,800 0,775 0,750
Ro/ky 7,00 5,67 4,71 4,00 3,45 3,00

(1 +/.2//\1)2 64,0 49,5 36,3 25,0 19,8 16,0

With these data A/Ki and the energy distribution E(KI/AAi) can be calculated
as shown in figure A/III-Q& representing the extent of overlap up to the
centre line of the elecirode, that is a distance of 0,5 r, (£1-0,25 rA) if
r,- 5 De' Graph A/I111-2b is an extension of 2a for even iarger values of A .

These figures clearly indicate the trend given by equ.4.; i.e, with
the incrcase of'Al the extent of overlap increases leading to the decrease of
A, The current densityAi per unit area of A remains constant but the total
energy involved increases in the area of overlap represented byw(l and de =
creases in A in proportion to the change of the ratios of the areas. The
gshift in ennrgy relations becomes more significant with the increase of the
extent of overlap and is in proportion with the area increase of this region,

In the overlapping zone one would expect an increase in slag
motion on account of the lifting action of both buoyancy and electromagnetic
forces in the vicinity of the electrodes, The force generated by each

electrode would move the glag in a counter-current fashion from the electrode

gurface irnto the active zone (ascending movement) and into the overlapping

regions in which, a3 a result of exchange in momentum, a balancing action in .

magnetic field, temperature or energy distribution would ensue, As & result,

the even distribution of viscosity and electrical conductivity contours as
tlined in figures IV-?3 and 1V=24 for the ideal case of zero, or negligible
ou

{rteraction of the active electrode areas will be considerably modified.

In furnace geometry relations it was shown that the diameter of

f
the active electrode area dA and the electrode diameter can be correlated for

the conditions of the reference furnaces as
a, = xVD where k= 5,0
8
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In connecction with the foregoing considerations since

hom gk 5./
we can ite ——e
write /\l = k\[])e-,(a 6./
o b vk = wE, 7./
that is for the energy distribution we will get
E(5,0 \/T).e - K2 Kl,,//s“l 1 y
) woraEE 8.
Ai A (1 +A2/K1 ) N
where -1 (K?/Kl) -1 49(;}&1 (ﬁz/Kl)-l

gLl v/ IR 17/ Wy L4

in terme of ihe distance of electrode separation the geometrical relationships
are given ty the following equation

0,82
dA - 2,98
therefore E(2,9 80’82—,(2) A2/'<1 1 9./

Equation 8./ expresses the energy distribution in the separate zones as a
funciion of the change of the ratio between the maximum half width of the
overlapping zone and the rest of the reaction zone width when the size of the

furnace, as expressed by the electrode diameter, is varied. It is basically

the expression of conditions show: in figures VI-7 and VI-8.
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