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The mechanism of burden movement was investigated
in two large industrial sulbmerged-arc furnaces for the
production of high-carbon ferromanganesce., Detailed
knowledge of the mechanism of burden movement and the
influence of operating conditions on this movement will
help to suggest means to increase the efficiency of the

furnaco.

The experimental technigque was the stimulus-
response technique using a radio-tracer input as the
stinulus. Irradiated hematite or Hotazel mangancese ore
was used as the radio-tracer and the source of radio-
activity in both there ores was tae vadioisotope chg.
This radioisolope was sultable for measurcement of
residence time distribut?ons for Lthe alloy phase butb
was not suitable for measurcment of the residence tiwe
distribations for the slag phosce. Consequently the
analysis of the experiments won limitea to the alloy

phase.

Pifferent terhnigques were used to introduce the
radio-~tracer to selected sites in the furnace. The
response was determined by collection of samples during
tappings and the radio-activity levels of these samples
were then measvi 0 4t the South African Atomic Energy
Board to give the residence time distribulions for cach
experiment. During each exporiment the average values
of the furnace operating pacramcters were recorded to
indicate variations in furnace operation during the

expoeriment.
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The residence time distribulions obtained were
analysad by various technigues. Due to truncation of
most of the residence time distributions, single
parameter description of these distributions was only
possible in threc experiments. This analysis involved
determination of the mean and variance of the residenze
time distributions. Comparison of caperimentally
measured mean residence times and calculated nomdnal
mean residence times for these experiments verified the
existence of stagnant zones within the furnacce volume.
The variance for these throce residence time
distributions showed that burden movament through the
furnace could not be described by either of the two
idealizcd patterns of flow ~ plug flow and mixed Elow.

A composite model was developed to desciribe burden
movement through the furnace. This model was developed
by considering the mechanism and position of heat
generation within the furnace, a gualitative picture of
the inncr structure of the furnace, the general foirm of
the measured residence time distributions, and praccvical
nbservations of the mode of burden descent through the
furnace. 7The composite model consisted of a dispersed
plug flow region in the upper regions oil the furnace
discharging into a constantly stirred tank rcecactor
beneath the electrode tips.

Non-linear regression analysls of equations
developed from the composite model permitted he
selection of optimum valuesa of model parameters to give
computed curves which approximated the residence time
distributions. Since the computed results usiced
rcalist "o values of the model paramcters it was ~oncluded

.
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that the model was & valid represcntation of burden
movement through the furnaces.

Attompts were made to Jdetermire quantitative
corrclations between operating parameters and the
optimum model paramcters. No important corrclations
werc obtained and this appeared to be duce to
insufficient data and the complexity of furnace

operation.

The role of factors such as che position of radic-
tracer additicn, the energy input to the furnuce, the
mode of heat distribution in the furnacce and
variations in raw wmaterial feed catle was analysed to
describe the influcnce of furnace operating condations
on the value of the model paramcters. Although this
gqualitative analysis did not reveal any trends it
did provide a meuns of anpalysing the results.,
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LIST OF SYMIOLS AND ABBRIVIATIONS

The more important symbols euployed in the text are

ae followg :=

C Concentration of radio-tracer.

Co Initial concentration of radio-tracer,

D The dispersion numbcr,

K deat distribution factor.

t .Pime (houre) .

En Nominal mean residence timo {(Lours).

tr f'rue mean residence cine (hours).

ta Experimentally calcalated mean residence time

usinyg the technique of woments (hours).

t Computed mean residence Lime in the dispersed
plug flow region of the furnacce (hours).

tinv Computed mean residence time in the constantly
stirred tank rcactor region of the furnace (hours}.

tfce computed overall mean residence time of the
furnace (= T + t£inv) (hours).

\ volume (m3).
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Vinv computed alloy inventory volume (m?),

6 Dimensionless time in units of nominal mean
residence time (= t/E).

v Volumetric feedrate (m3/hour).

The more important abbreviations employed in the

text are:-
C.S.T.R. Constantly stirrcd tank reactor.
e, exp Exponential,

erf Error function,
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1. INTRODUCTION

This investigation was undertaken to study burdon
movement in two largce industrial submerged-arc furnaces
for the production of high-carben ferromanganese. The
mechanism of burden movanent in industrial submerged-arc
furnaces for the production of high-carbon ferromanganese
was considered an important area for research since South
Africa is onc of the major producers of high-carbon
ferromanganese in the Western World.!

The objectives of this investigation were:~

(i) To establish an experimental technique for measurement
of residence time distributions for a submerged-arc

furnace.

(i) To determine time constants {for the furnace by analysis

of the residence time distributions.

(iii) To develop flow models to describe burden movement
through the furnace and interpret the physical meaning

of the model parameters,

{iv} To assrss the effcct of operating conditions on burden

wovement through the furnarce.

The stimulus-response technique, using a radio-tracer
input as stimulus, was used to measure the residence time
distributions. By application of the technique of
moments the time constants for the furnace were
calculated from the residence time distributions. By
consideration of the mechanism ol heat gencration within
the furnace, and observation of burden movement during

T TIW TR T YT S e T SR MOV (TR T W e

P ——— ———— = o



furnace operation, composite models to describe burden
movenment through the furnace were developed. These
composite models consisted of a network system of ideal
flow reactors in series and parallel. Wherever possible
the physical meaning of the values obtained for the
model paramecters were determined in terms of conditions

of furnace opecration.

The information obtained in the investigation has
provided the basic technique for cextcensive investigation
into the mechanism of burdcn movement through submerged-
arc furnaces. Once the mechanism of burden movement
through submerged-arc furnaces is known, process control
may be improved and furnace throughput may be coptimized.

To achieve the okhjectives of the investigation a
series of radio-tracer experiments were performed cn two
submerged~arc furnaces opcrated by Metalloys Limited,

Meyerton, Transvaal,



2. THE PRODUCTION OF HIGH-CARBON FERROMANGANESE

2.1, The production of high-carbon ferromanganese in
the submorged-arc furnace

The discard slag process and the enriched slag process
are used to produce high-carbon ferromanganese in the
submerged-arce furnacc.? The chemical analysis of the
high~carbon ferromanganese, in mass per cent, is 70 to
80 Mn, 6 to 8 C, less than 0,5 81, usually less than
0,1 P, with the balance Fe.

Discard slags contain 12 to 14 mass per cent Mn whilst
enriched slags contain 25 to 40 mass per cent of the Mn
present.? In the discard slag process the desired slag
properties are achieved by fluxing additions of lime in
contrast Lo the enriched slag process in which the burden
is largely self fluxing with MnO fulfilling the same
function as the lime. Small additions of quartzite may ke
made in the enriched slag process, The enriched slag is
used as a raw material in the production of silico-

manganese alloy,.

2.1.1., Basic chemistry of process

Manguancse oxides thermally decompose on heating as

follows:-2

2Mn0; - Mnp03 + %0, at 527°C
3Mn203 > ZMn30q + 3502 at 9406°¢

Mn304 -+ 3Mp0 o+ ¥0; at 1560°C (the melting point of Mn304)

Hence only MnC 1s involved in the actual reduction processes.
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Only elemental carbon will reducce MnO. The products of
the reduction of MnO arc either metallic mangancse and
CO or manganese carbide and €0. These reactions becone
thermodynamically favourable at 1420°C for metallic
manganese production and at 1280°C for Mn,Cj3 production.?
Since carbide formation is thermodynamically more
favourable it is not possible to produce & low-carbon
ferromanganese by carbo-thermic reduction. From the
mangancsc-carbon phase diagram it may be obscrved that
other carbides such as Mn, ., may also be formed.?

Hematite prescent in the ore is reduced in the upper
regions of the burden by stcpwisece reduction to FeO.
The Fe) is then reduced by cither CO or elemental carbon
to the metalile state or the carbide, FesC.  The
metallic and carbidce phasces producced combine to form the

primary alloy.

Most of the phosphorus in the burden is reduced to
elemental phosphorus, but only about 30 ver cent enters
the alloy, and the balance is volatilized.? The small
amounts of silicon in the alloy are produced by the
reduction of silica with carbon, Most of the sulphur

enters the slag or is lost in the furnace gas s.3

If localized overheuting occurs moetallic manganese
(boiling point 2095°C) evaporates. his vapour may either
recondensc on reaching the upper, cooser furnace regions
or be reoxidized to MnO, If this fino MnO leaves the

furnace brown mangancse “smoke" results.®

The unrcduced oxides combine in the lower regilons of
the burden to form the slag phase. This phase should have




a low melting point, be £luid, and have a high basicity.2/ °

In practice slags are required to have a classical
basicity ratio, Qﬁ%?gzmggy greater than 1,1.?2 High basicity

ensures a low MnO content in the slag and results in a low
silicon content in the alloy.?, ® However high basicity
also results in a high slay melting point.? lence to
achicve optimum slayg properties it is necessary to
compromise between a low melting point and high basicity.
The slag composition, and hence its propertics may be
controlled by flux additions and by varying the extent of
reduction of MnO,

2.1.2. Electrical considerations

Submerged-arc furnaces are cylindrical, three electrode,
3-phasec, low shaft clectric furnaces. The furnaces have
either open, scni-closed, or fully closed tops. The three
electrodes are sited at the vertices ¢f an eguilateral
triangle and are of the continuous sclf-baking S&derberyg

type.

Electrical encrgy is delivered to the electrodes via
power transformers which stcp down the supply voltage
from 33 kV to voltages between 100 to 400 V.  In modern
large furnaces thrcee singlce phasce cransformers are usually
used. These are either star- or deltlta-connccted on the
primary side and usually delta-connected on the secondary
side to reduce the current flowing through the sccondary

windings.’

From the.elcctrndes heat is8 ¢encrated along various
conduction paths. This heat goneration will be discussed



[N o

in greater detaill in Scction 4.1,

It. is8 important to maintain the corrcect tomperature
profile within the elcectrode to ensure corrcct electrode
baking and to prevent oxidation of the cloctrode paste,®
For a given rate of ecloctrode consumption, paste guality,
and clectrode cross-sccotional arca, the clectrode current
densily determines the temperature profile. Hence cach
particular elcctrode has a maximum current carrying

capacity.

To avoid cxcessive arc formation which resulis in
overheating and mangancse evaporation, opcrational
voltages must be kept relatively low.? Hence the desired
power input con only be achieved with relatively high
elcctrode currents. Since current density is limited,
thesce furnaces require clectrodes of greater diawmetcer
than are required for similar furnaces producing highe-

carbon ferrochromiam,

The operating resistance of the furnacce is
dectermined by the burden resistivity, the electrode
pencetration and the depth and properties of the slag

layecr.



——

2.2. The production of high~carbon ferromunganese at
Matalloys Liimiteod

The total rated MVA of high-curbon ferromanganese
furnaces in South Africa is 207 MvA. % 10 The furnaces at
Metalloys Limited have a total rated MVA of 169,4 MVA in
two smepurate plants which are both situated al the
Kookfontein Works ncar Mceyerton, Transvaal. In the older
plant there are four high-carbon ferromangancse furnaces
with design ratings from 10 to 13,2 MVA and in the ncwer
plant thcre are two furnaces both of wlich were dnitially
equippcd with 48 MVA transformers. The two large new
furnaces have superior instrumentation and control, and
hence the radio-tracer coxperiments were limited to these

furnacces.

At Mctalloys Limited high=-carbon ferrominganecse is
produced by both the discard and the cnriched slag
processes. As Lhis investigetion was limited to furnaces
producing a discard slag, only this process will be

described,

I.ocal raw matcerials src¢ used. Ores are the "jasperlite"
type from the Kuruman-Postmasburg arca!l! and the most
important carbonaccous reducing ayent, coal, is from the
Delmas area.!? Mcetallurgical coke from various sourccs is
algo used aB a roducing agent. Small fluxing additions of
either quartz or dolomitce are made. When the slag-to-alloy
ratio drops below 0,5 high-grade slag is returned to the
furnacce to improve this ratio,!? The return high-grade
Blag increases the furnace resistance. Small amounts of

unsalecable ferromuangancse are returned to the furnace,

Only ore with the minimum amount of fincs is uscd and



vt o it -

WOl N s W W

raw material preparation 1s limited to screcning out the
-3 mm fraction of the Delmas coal,.?!?

The low cost of mangancse ore means that discard slags
may contaln as much as 22 mass per cent manganes~.,
Manganese recovery 1s sacrificed to yiceld maximum output
and the lowesl conversion costs per tonne of alloy.!™
Blending of South African ores and this practice produces
an c¢ssentially self-fluxing burdcen,

If coal is used as the primury reducing agent the
burden resistance is increesed and the clectrodes
penctrate more decply, aecreasing the lossces of manganese
vapour, Howcever the high volatile content of the coal

Jdoes create problems in trecatment of the waste gas.

Operation is carricid out with a constant depth of
slag. The constant depth is mainlained by positioning
the slag *ap hole about cne metre vertically above the
alloy tap hole. Under these conditions mangancse
evaporation and the formation of brown MnO ‘'‘smoke" is

eliminated.
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3. RADIO-TRACER TEICHNIQUES FOR FLOW ANALYSIS

3.1. Application of radio-traccer techniques in
pyrometalluragy

It is of interest to summarizc the applications of
radio~tracer techniques to pyrometallurgicul processcs.
These applications includc investigation of burden movoment
in rotary kilns,15%19 :ron and stcelmaking furnaces,?20-36
reverheratory furnaces,?4. 37 and submerged-arc

furnaces, 39, 40

Several aspoects rel-tad to material mevement in rotary
kilns have been investigatced.,!®-!9 7hese include
measurcments of:; the rate of passage of material through
the kiln, the cxtent of longitudinal mixing along the kiln
length, the effect of lifteoers and baffles on material
movement, the extent of formation of dust and the extent

of recirculation of components of the charge.

Blast furnaces uscd for production of pig iron have
been extensively investigated by means of radio-tracer
techniques. Overall residence time distribution
measurcments have becen usced to measure the retention times
of various burden components and the variation of the rate
of descent of the burden with the position of the radio-
tracer input.?v-?2¢ The factors influencing the degrcee of
mixing of moltcen products in the hearth crucible have been
determined by means of mixing studies using radio~
tracers.?!: 2?2, 27 Transit timces between various levels
ir the furnace“0, 21, 25 apnd plast-air movement within the
furnacc?%s 26 have been monitored.

Radio-tracer toechniques have shown that the operation
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of furnaces for continuous production of sponge iron
pellets is very stable and that the rate of hurden descent
along different verticals is relatively uniform.!5, 25, 28

Several processes for the production and refining of
steel have been investigated., In open hearth furnaces
metal movament has been shown to be mainly parallel to
the hearth floor.?% 22 This movemcent has been described
by the dispersior. wodel. %, 31 The flow of stcel in the
WORCRA steel reofiner has boen stud.oad using radio-tracer
techniques and has been modelled using both dispersion and
tanke-in-series models,32°3%  Mixing studies in the vacuum
refining processcs known as the R.H.-Vacuum process?®s 35
and the ASEA-SKF process??s 3¢ have been performed using

radio-traccers.

Radio-~-tracer techniqucecs have shown thot ideally the
first half of a reverberatory furnace smelting copper
concentrates should act as a perfect mixer with the balance
of the furnace volume actinyg as a pluy flow reactor.?3s 37
For the smelting of copper-nickel concentrates in the sixe
in-linc electric furnace radio-tracer techniques have
shown that electromagnetic stirring results in a greater
degree of mixing than in the reverberatory furnace which

serves the same function, 38

Submergcd~arc furnaces have been investigated vsing
radio-tracer techniques., Time constants and residence
time distributions have been measured for a furnace
producing ferrochromiun.3? The wovement of *alloy forming®
components of the burden was modelled using a composite
model consisting «f a plug flow rcactor in scries with a
perfect mixer. The movement of "slag forming" components
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of the burden was modelled using a dispersed plug flow
model. Total residence time digtributions for lime and
coke have been measurcl for a submorged-arc furnace

producing calcium carbide."?

Other applications of radio-tracer techniques
include:~

(i) Measurement of thie movement of coal in continuous

vertical retorts,"!

(ii) Study of the behaviour of metals during

fractional distillation,%?

(iii) Study of the movement of aluminium jin an aluminium

reduction cell,b3

(iv) Measurement of furnace lining wear, %4746

The « pplication of radio-tracer techniques to
py.vmetallurgy is more fully described elsewhere.b?
Conaideration of these applications of radio-tracer
techniques to pyrometallurgy, provided valuable
information which was used in develorment of the
experimental technique for this investigation.
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3.2. Residence time distributions in processing
equipment

The concept of age distribution functions was
introduced to deal with non-ideal flow in processing
equipment. Functions relevant to this investigation
are defined and briefly described. A complete
description and full derivation of these funciions

is readily available.%8751

The nominal mean residence time, tn, of fluid
flowing through a closed vessel under steady state

conditions is:

-~

tn = V/v
where

V = volume of fluid in the vessel,

and
v = volumetric flowrate of fluid

through the vessel.

Time, t, may be expressed in units of nominal
mean resgidence time giving a dimensionless measure

of time, 8, viz.,

8 = t/tn

If age i’ defined as the time spent by an
element of fluid in the vessel the following age
distribution functions may be defined;

(i) ¥F(6) which gives the fraction of fluid having
ages between O and 6 at the moment of

leaving the vessel,

(1)

(2)
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(1i) E(0)d6 which gives the f{raction of fluid
having ages between 0 and 6+4d0 at the

moment of leaving the vesscel,

(iii) 1(0)do which gives the fraction of fluid in
the vessel having ages between 0 and

g+do.,

The following relationships hold for these
functions:-

F(e) =1
STE(D)do =1

E(0) = dF(6)/d0 = -d1(0)/d®

The forms of the age distrivution functions
de¢. ine the residence time distribution of fluid
in the vessel. These functions may be measured for
a vessel by means of the stimulus-responsc

techniqgue,

Assume a property of the inlet fluid to a vesscl
changes to a new valuc for an instant before
returning to its original value. If the ini'lial
concentration in the vessel of fluid with the new
property is Co, and the concentration of fluid with
the new property in the outflow at time 0 latter is
c(o),

E(8) = C(0)/Co

It can be shown that

Co = /. c(6)de

(3)
(4)
(5)

(6)

(7)
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A "pulse" change of property of fluid in the inflow
may be mathematically described by the Dirac Delta
function, §(8), which has the following propcrties;

() =wat 0 =0,
§(8) = 0 elscwhere, and

fon
S7s(0)do = 1.

It follows that the "pulse" change of property of fluid
in the inflow is given by Co.&8(0).

If the change in property of the inflowing f£luid is
from non radio-active to radio-active, and this change is
descrilbed by Co0.68(0), measurement of the radio~-activity
level of the outflowing fluid as a function of time, 0,
gives C(t) and hence E(8). Using this technique the
residence time distributions C(0), of any processing

eguipment may be measured.

Often either the true mean residence time, tr, for a
vessel is rot equal to the nominal mean residence time,
fn, or tn cannot be accurately calculated. Ineguality
between fr and tn may arise due to short circuiting and/or
~tagnant regions within the vessel. In these instances
tue procedure adopted is to measure the residence time
distribution as a function of time, t, givinyg C(t). It
can be shown that

sle(t)ede

txy = ——
S, c(t)de

and,

c(o) = tr.c(t)

(9)

PP b e o
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The usce of radioisotopes as tracer materials has
the advantages that the radio-tracer often satisfies
the condition of chanical identity with the material
to be traced, ! 1t and measurcment of the response
Ls relatively simple and may be achicved at low

concentrations of radioisotope,30s 52, 53

3.2.1. Single paramcter descriptionslof residence
time distributiops”!

The function E(0) can be fully described in terms
of its moments. The kth moment of E(0) about the
origin is defined as

Mo o= 570X o) do (10)
The ktk moment of E(t) about the incan is defined as
[ k .
M o=/, (0-1).E(6)d (11)

The mean of E(6) is given by M; (=1) and the
variance of E(06) is given by M,.
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3.3. Description of residence time distributions
by flow models

Mathematical models are freguently used to describe
the flow through processing oguipment. The dispersion
model, the tanks-in~scries model, and composite mmodels
will each be described in turn., This descriplion is
warranted since thes. modcels were lncorporated in the
model developed to describe the experimental results
obtained in this investigation.

3.3.1. ‘The dispersion model“9=>1s 56

In this onc-dimensional model a degrce of mixing in
the direction of flow is supcrimposcd on a plug flow
vessel., 1f the deygree of mixing is independent of
position the basic differcential cquation representing
this model is,

aC L3%c aC
3—!:- = D'é;}"‘ U;(‘ (12)

where D' = axial dispersion cocfficient,

= position in the direction of flow,
=~ mean velocity through the vessel,
: concentration, and

time.

]

o O C %
|4

Rewriting in terms of the dimensionless forms of time,

8, and position z, gives

2C pelafe ac
30 &Hjﬁ?f oz (13)
vhere 0 = tU/L,

z = x/L, and
L length of the vessel,

il
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The vesscl dispersion number, D = (D'/UL), measures the
extent of axial dispcrsion and as D tends to zero plug

flow is approachcd.

The analytical solution of cquation (13) has been
obtained for a wide variety of boundary conditions.“?
An approximalte solution that is wvalid for small values
0of the dispersion number 1is

w{1.-0)?
__*_]’(’xp(--'ﬂgl—*-] (14)

C{0) = Co* (
270D 4D

when the traccr is injected as an impulsc,
Co.8(0), at z = 0.%°

Rewritlng this solution in teries of time, t,

U .

“f]-yt 7

c(t) = Co- “"“1:_]",‘7(;) "*'(~’-I:"~)——— (15)
27/nnj 4D

when the tracer is injected as an iwmpulse,
Co.4(t), at x = 0,°"

The mean of the distribution given by equation
(14) is unity while the mean for the distribution
given by cquation (15) is L/U. Equations (14) and
(15) neglect the effcct of the boundaries at each end
of the vessel as well as the sprecad of the tracer
pulse while it passcs the obscrvation point,

x/L 1.

0
]

Z

The error in equations (14) and (15) depends on
the vaiuc of D. When D 18 less than 0,001 the error
i8 less than 0,5 per cent and when D is less than
0,01 the error is less than 5 per cent.

o ot e A e ¢ 1L
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3.3.2. The tanks—in-serics modelt9-52

Consider the flow of fluid through & serics of
ideal stirred tanks which arc equal in size. Yor an
input of tracer to the first tank given Ly Co.6(0)
the responsc in the discharge from the Nt¢#. tank is

given by,
€ (0) = co(W /-1y 1)1 Ne (16)

This model is useful for considering roecirculation. t3s 55

NEE

3.3.3. Composite modelst? bl

When singyle paramcier flow noucls do not sutasfactorily
account for non-ideal! flow norce complicated models must
be uscau, In these modcels the processing cquipment 18
considered to be subdivided intc discrete {flow reyions,
In each of these regrlons there is a well-defined type
of fiow and the regions arce interconncected to form a
composite model, Such composite models can usually be
applied most satisfactorily to physical equipment that
itself has an Iinterconnected flow structure. 1f
distinct physical regione tiwt conform to one of the
well~definad types of flow c¢xist in the equipment then
the natural mod 1 structure is the composite one.

It is often possible to conclude that, 1f the
experimental response measured in the equipment conforms
very closely to that predicted by a composite model, the
actual flow structure in the equipment does have many
of tne specific features included in the model. Thus
the comparison between the experimental responsce and
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that predicted by a compositc model can provide very
valuable insight into the pattern of matcerial movement
inside process equipment. This concept is examined
fully later in connection with the experimental resultis
obtained in this study.

However cauticn must always be advisal becausce the
measured response curve does not always conform to only
one compositc¢ model ~ often many differcent models will
£it to a comparable level of satisfaction and the
conclusions regarding flow patlerns arc not unigue. It
is always wisc to draw strongly on what is Xnown about
the physical cquipment before drawing conclusions
regarding flow patterns from the response curves.,

The types of well-defined flow include plug flow,
ideal mixing, dispersced plug flow and dcadwatoer.

The definition of deadwater or stagnant regions cannot
be reconciled with the ascumptlion of stcoady state flow
through the cquipment. Even in small staygnant regions, the
calculated mecan age of the vessel contents would be infindite,

In practice deadwoter regions do not occur but
equipment may contain regions where fluid movement is
sufficiently slow to bce censidered stagnant. In composite
models thesc regions arce considerced Lo contribute to the
vessel volume but arc ignored in determination of age
distributicon functions.

Bypass flow, recycle flow and croes {low may also be
included in the model. The various flow regions and flow

mechanisms are combinced to form the composite model.
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By consideration of the forms of the responsc curves
obtained for processing equipment, and the physical nature
of the equipment, the most feasiblce composite model may be
developed. 7The greater the number of flow regions and f£low
mechanisms consideored in the model the qore general the
composite model becomes, However the more complex the
model, the morc unwieldy the mathematics. It is thercfore
best to aim for the simplest model which can reproduce the
responsec anl can possibly represcent the physical nature of

the processing cquipment.
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4. THE DIVFLOPMENT OF A THIOREI'ICAL MODIKL FOR
BURDEN  MOVIMENT TN ‘PHE  SUBMERGED-ARC  FURNACL

To develop and interpret a theorctical model for the
mechanism of burdcen movement in the submerged-arce furnoce
it is necessary to considor the mode and position ¢of heat
generation within submergad--are furnaces and the inner
structure of submerged-arc furnaces. The node and
position of hecal generat.on within submerged-arc furnacces
is importart because it determines the position of alloy
and slag formation and contributes to the stirring of the

molten phases,

4.1. The geperation of heat in submerged-gre fupnaces

In carbo~-thermic reduction processes heot is as
important as carbon, as a dcficiency of heat, or carbon,
or both, results in incomplcte reduction.®?  The major
portion of heat goenecrated in submergod-are furnaces is

required for reduction.>®

Heat for the process is generated along the current
paths in the furnace and the extent of current transfer
along each of the current paths has a critical cffect on
furnace opecration. This is best illustrated by
considering Westly's priaciple of heat distribution37, 59
in which the furnace is divided into a charge zone in
the upper furnace region with clectrical resistance R,
and a reaction zone in the vicinity of the electrode tips
with electrical resistance R.. In both regions star and

delta connected inter~electrode conduction may occur, b

If it is assumed that the resistive load connections

MO - s
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in both regions arc either star or delta only, this
assumption having no effect on the gencrality of the
treatment, ®! then the furnace operating resistance k, is

1

For ohmic resistance heating in the current paths the
heat distribution factor, K, is

K = Q£ 4 V2/Rc = ......I}..r‘
Q vZ/R Ry+R.

where Q. = heat generated in the charge zone,
g = total heat gencrated
v = voltage drop.

Smaller valuces of K mecan that more heat is available for
reduction. Conszquently for stable furnace operation K
must bcncontrolled to a value which provides the correct
distribution of the total heat avaiialble, to smelting
and to reduction proccesscs. This implies control of the
extent of current transfer aloryg the dificrenl current
paths by adjustment of the relative valuces of R, and R,.
It can be shown that this iF best achiceved by selection
of the optimum burden composition for the process, thereby
fixing R, (R, is determined by burden resistivity), and
adjustment of R, to desired lcvels by control of the
electrode tip~to-alloy bath distance,

Since K must be significantly smallcer than 0,5 it
follows that R, must be significantly smaller than R, and
so most of the current transfer must occur from the
electrode tips. Urgrhart®? has calculated that in the
production of high-carbon ferrochromium, 50 per cent of
the heat is gencrated at the electrode tips and 25 per
cent 18 gencrated along the lower 300 mm of the clectrode.

R . it




i AR | i | —

B ot | oyl | it

& e

oo

n

o

Ak

-4

o W

i |l

al
Lorloan s

aM

Ik
i

23

In slag-free silicon reduction processes the clectrode
tipeg operate in a crater void and heat is generated by
arcing from the electrode tips.®3°65 The mode of heat
generation is not as clearly understood for the production
of high-~carbon ferrochromium and ferromanyganese.

In these two processes there is a slag phase between
the eclectrode tip and the alleoy bath, and a coke bed
floats on, and is partially immersed in, this slag
phase.®7, 80 similer behaviour has becn observed in
electric pig iron furnaces.®’ 1In thesc processes the
electrode tip mray opcrate either immersced bencath the slag
layer or in a tightly packed coke bed.

For a primary slag typicol of those produced in
the manufacture of high~carbon ferrochromium, an
experimental study of the mechanism of current transfer
from a graphite electrode immersed in the slag showdd
that at 1500°C arcinyg occurred at electrode current
densities above 12A/com? when using 50 Hz current.®® At
current densities below 12A/cm? ohmic conduction occurred.
In industry electrode current densities are usually about
SA/cm? so if the e) :ctrodes arc immersed in the slag

layer ohmic conduction probably occurs.

If the electrode tip operates in the tightly packed
coke bed conduction within each particle is ohmic.
wvonduction between particles in the coke bed probably
occurs by the mechanism postulated by Ucrguhart.®? In this
riechanism ohmic conduction occurs acress the interparticle
contact zones, The contact resistance causes heating
which results in rcaction at the interface. Reaction
results in the formstion of a gen between the particles
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and liberation of CO(g). The voltage drop across the

gap is sufficiently large to strike an arc in the CO(g)
atmosphere. This arcing results in further reaction and
an increase in gap size until the prevailing voltage drop
is too small for the gap and the arc is extinguished.
Hence interpartizle conduction occurs by a combination

of ohmic conduction and unstable micro-arcing.

Conduction from the electrode tips and the high
temperatures which prevail in this region result in
strong electronagnetic and convective stirring effects

at and bencath the electrode tips.

R it e A IR i
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4.2. The inner structure of the submerged-arc furnace
for tho production of high-—carbon ferromangancese

To develop a qualitative picture of the inner structure
of the submerged-arce furnace for the production of high-
carbon ferromanganese the followirg observations must be

taken into auvcounts-

(i) Raw materials usually descend rapidiy in a "clover
leaf" pattern around the clectrodes as shovn in

Figure 1.

(ii) During dig-out of furnaccs crust buvild-up along the
furnace walls in the hearth region has been obscrved.
This crust obstructs the cven descent of the burden
giving rise to the "clover lezf" pattern of rapid

burden descent.

(iii) VUnder certain conditions only the electrode directly
above the alloy tappiag hole moves in response to
the alloy tapping process. This behaviour occurs
when the alloy bath is broken down into discrete

pools due to accretion build-up on the hearth floor.

(iv) During conditions of normal furnace operation the
slag and alloy phases scparate into two layers on the
hearth floor. Daring normal furnace operation
extensive entrapment of alloy in the slag phase, and
slag in the alloy phase, has not been observed to
occur to any marked extent during tapping., This shows
that slag/alloy scparation does occur in the hearth

region.




Zone of rapid
burden descent

Electroae

Zone of slow
burden descent

Figure 1, Schematic plan view of the furnace at stockline
level showing the ''clover leaf'' pattern of
rapid burden descent
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Within the furnacc volume where the burden is solid
there are two zones. In the active zone, which surrounds
the electrodes and which is delineated at stock level by
the "clover lceaf" pattern, rapid burden movement occurs.
In the inactive zone, which makes up the balance of the
furnace volume coccuplied by solid burden, movement is

very slow,

Thus the majer portion of solid material entering
the furnace descends towavrds the electrode tips through
the active zono. s Lthe burden descends it is
progressively heated uatil, in the vicinity of the
electrode tips, the slag and alloy forming components of
the burden melt and combine to form the slag and alloy
phases respectively. These two phases are immiscible
and, under the influence of gravity, the hecavier alloy
phase tends to scparatce from the slag phasoe. Howoever at
the electrode tips, where mining effects are most
intensn, these two phases are prohbably well mixed.
Further beneath the electrode Lips mixing effects are
less intensc and so the two phasces separate into a slag
bath floating on the alloy pool on the hearth fleoor.
Alloy droplets arce probably constently settling through
the slag laycer. Within cach laycer mixing cffects are
probably still sufficicntly strony to ensure a homogencous
composition within each layer. Hence the slag arnd alloy

laycers may both be considerod mixced zones.

The so0lild carbonaccous reducing agents within the
burden do not bccome mollen but descend to the electrode
tips where they form the “"coke" bed which floats on the
slag layer. The elcectrode tips are either immersed
w.ithin the coke bed or protrude through the coke bed
into the slag layer.

B A P



Under certain conditions solid accretion build-up on
the hearth floor may result in brecakdown of the alloy

bath inte discrete pools.

Figure 2 represents the postulated inner structure

of the submergced-arce furnace.
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Scnematic representation of the inner structure of a
Subrerged-Arc Furnace,
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4.3. The theoretical model of burden movement in
submergoed-are furnaces producing high-carbon
ferromanquneso

The qualitative picture of the inner structure of the
submerged-arce furnace postulated in Scction 4.2 may form
the basis for a model of the movement of the slag and
alloy forming componcnts of the burden through the furnace.

Three flow regions within the furnace may be
identified. These are the active zonce, the inactive zone,
and the zone wherein molten phasces exist. Conscquently
the physical structurce within the furnace lends itself to
a composite model of the form described in Scction 3.3.3.

The most feasible type of flow within cach zone must
be corsiderced. Consider the active and inactive zones
where the burden is solid, Here the most feasible type
of "flow" for a burden element consisting of a number of
particles is plug flow with some dispersion. This type of
“flow" was successfully uscd to describe movement of the
solid burden in the production of high-carbon
ferroshromium in the submerged-arce furnace.3? Beck et al.89
showed for an experimental rotary kiln that the "flow" of
granular solids (sand) could be describel by a dispersion
model with small dispersion cocefficients (order of

magnitude 10" m/s).

It i8 possible to diffcrentiate between the active and
inactive zones in once of two ways. The inactive zone can
be considercod to be stagnant in which case the furnace
volume occupicd by the inactive zone is not considered in
the flow model. Alternativ-~ly the inactive zonce can be
considerced to be represented by a dispersed plug flow
region with large mean residence times. The latter
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approach has been adopted as it permitls mathcomatical
description of the responsc due to radio-tracer inputs

to both the active and the inactive zones. Consoguently
each burden element cntering the furnuce "sees'" a
dispersced plug flow rocactor with dispersion number D and
mean residence time t., Burden elements entering inactive
zone8 will “"sce" dispersed plug flow rcactors with much
larger mean residence times than will burden elements

entering active zonces.

The dispersed plug flow region is assumed to include
the regions in the f{urnace in which the slag and alloy

forming conponents soften and begin to mclt,

Within the zone containing the molten phases, the
most likely type of flow is mixed flow. This tokes into
account the intense mixing at the electrode tips and
*he less intersce mixing in the slag and alloy baths once
they have scparatoed i1n the heerth fleor region., Since
the f£low of cach phasce is considered independently, mixed
flow can be¢ considcered to occur for ecach phase in the

region of slag and alloy scparation.

Raw materials arc fed to the furnace continuously
but liquid products are discharged intermittently. This
may be taken into account by assuming that this region is
represented by a constantly stirred tank reactor. Hence
molten material 1is feod Lo this zone continuously but is
discharged intermittently by tapping.

All Bolid-liquid phasec changes are assumed to occur in
the dispersed pluy flow region becuause it is unlikely that
mixed flow can occur where both solid and liquid phases
are prescnt. Thercfore the constantly stirred tank reactor

PRSP
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ls assumed to include only the molten phases and the
dispersod plug flow region is assumed to include the
balance ¢f the furnuace burden.,

Conscguently the movement of the slag and alloy forming
components of the burden through the furnace may be
describad by a network of diwpersced plug flow reactors in
parallel fceding ¢ constantly stirred tank recactor. This

model is illustrated in Figure 3.

In an alternative model the zone represented by the
constantly stirred tank rcactor, (C.5.T.R.). has been
divided into three continuous flow mixcers, one at each
electrode tip, fceding a single scttlaer with the

following propertics:-

(i) The {irst material to arrive in the settler is

the first material to lecave the scttler,

(ii) Discherge from the settler occurs only during tapping.

This model differcntiates belween the intense miaing at
the eloctrode tips and the less intense mixing in the
regions of scparation of the slag and alloy and is
illustrated in Figure 4.

The latter model is a mathematically more complex
description of burden movement in the furnace. The
existence of a sctller in the hearth region in which no
mixing occurs, and from which intermittent plug flow
dischargc occurs, is physically not as likely as is the
exlstence of a constantly stirred tank reactor. For

these reasons this model was not applied.
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number of dispersed
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parallel, each with
the same dispersion
number, DB.
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Figure 3. Schematic representation of the theoretical
model for burden movement in the
Submerged~Arc Furnace
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Flgure 4, Schematic representution of an alternative
model for burden movement In the
Submerged-Arc Furnace

W T T e A




Oalndie

- T TIL

- r—

Lo o TR = = -

31

4.4, The gencral shape of the experimentally determmined
residence Line distributions

Several gqualitative ¢ lusions may be drawn from tlre
general shape of the experimentally measured residence
time distributions. Thesec are shown in Figures 18 to 33
and their gencral shape is shown in Figure 5. Superimposed
on this curve is the idecal pluy flow -~ C.S.7.R. pattern.
Several zones may be identified on the general curve as
shown. The significance of cach of these zones will be

discussed in turn.

(i) Zoac A.

This portion indicates a delay in the response due
to the material passing through a succession of well
mixed regions or due to the material passing through

a plug flow region.

(ii) Zonc B.

Tue comparatively sharp risc in this zone indicates
that the delay in the response shown by Zone A arises
due to material passing through a plug flow region,
The shallow "8" shapc indicates slight dispersion in
the plug flow region as must be the case in any real
system., When the radio-tracer is introduced beneath
the electrode tips (experiment 6 on furnace M1l with
75 MVA transformers) Zones A and B arc absent as

expectec ™ g ia shown in Figure 33.

(iii) Zone C.
The sharp . an this zone indicates that there is

only one mixed regies, or that any other mixed regions

are very small, For some of the results this peak
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o o e o (dcal plug flow -
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experimental results.
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Figure 5.

The general form of the experimentally
measured residence time di<tributions
with the ideal plug flow ~ C.5.T.R.
pattern superimpnsed,
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overshoots the ideal plug flow - C.S8.T.R. pattern,

indicating a bypass channel to the tap hole.

(iv) Zome D.

This portion of the curve is exponential showing that

the alloy pool is very well mixed.

The postulated theoretical model fits in well with
the above observation with the exception that a possible
bypass channel to the tap hole is not considered.
Inclusion of a possible bypass chunnel in the theoretical
model was beyond the scope of the investigation since
this would introduce significantly more complex
mathematics into the model.
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4.5. Mathematical description of the theorectical model
of burden movement in the submerged-gre furpace

Consider the input of a radio-active burden sample
into the furnace at time t = 0. This represcnts a
"pulse" input of radio-tracer to a dispersed plug flow
region at time t = 0. The concentration of radio-
tracer in the discharge from the dispersed plug flow
region as a function of time, t, is given by;>5h

C = 9vmd "€*P{” 4p) "¢*Pl2tp ~ 4t2D

1t

where, Co initial tracer concentration

D

-y

t

i

dispersion number. (= D’'/UL)

i

mean residence time.

This equation represcnts the concentration of radio-
tracer in the feed to the constantly stirred tank
reactor. The follouwing assumptions arc made about
the C.S.T.R.
(i) TImmediately before tapping a particular
phase frem the C.S5.T.R. the volume of that

phase prescent is a constant, Vinv,

(ii) Only 8 portien of Vinv is tapped from the
€.S.T.R. at cach tapping. This takes the
permanent inventories of alloy and slag in the

furnace into consideration,

(iii) Discharge from the C.S.T.R. is instantaneous
and occurs at the middle of the time for

each tapping.

(iv) The volumetric feedraite to the C,S.T.R. is
constant for each tapping cycle, and for the
cycle leading to the ith tapping after radio-

tracer input is given by v, where

(17)
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V.L = yolume tapped at the ith tapping

t.~t, . = time lapse between the i1-14A and ith tapping.

1 1]
For the first tapping after radio-traccc input
vl
Where, to = Lime between the final tapping prior to

radio-tracer input and rodio-tracer input,

The tracer concencration in the discharge from the
C.S.T.R. at the first tapping alter tracer input is

Cl"

1 £y Vl tl
Vinv I v Cdt = vinvaoiﬁry f Cde
-] o
Imncdiately after the flirst tapping the amount of tracer
in the C.S5.T.R. is8
Ay = C; (Vinv-vy))

The tracer concentration in the discharge from the
C.S.T.R. at the second tapping after tracer input is

A, v, ta v, v, ftz
e rdt = - e
Ce Vinv * V:n«itz-tfy L: Cde = Cy {1 Vinv Vlnv(t2~t1$ A Cde
1 1

e

The amount ~£ tracer in the C.S.T.R. immediately after
the second tapping is

Az = CZ (V';.HV'Vz)

o a5, P . ek
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Hence the trécer concentration in the discharge from tho
C.S.T.R. at the nth tapping after tracer input is

Aﬂ

Consider the integral,

Jodt =
2

Co 1] £ £2

. Jexp|=—== = —=+|dt.
JﬁSexP[ AJ PLDL 4DU]
From tables,’?

Co 1 o 1 t 1 ]
Cde = ~—==« - e/ Lo ("‘E} serf {*-:-:- " ——
¢ 2/ P ( T AR VY BRI PV ey

Simplifying,

Cot t 1
adt = = f ey 23
fe 2 (zﬁx 2&J

Introduc ng limits of integration,

£,
- QEE SR SR S .
det ferf (Mx 2m] "[( M‘)]}

L]

t.
{tcdcng.‘?.t.{c [(-_Jw-.._]:.;] - erf ....._..l.._,__%gl}
) 2 D0 24 ot 2

i-1

., ft ( Vn-]} v J
C_ = = - L dt =G Y - = + o i
n " Viov ' Vinv(L, t. St 5 n-1 {7 Vinv) C Vinv(t -t ) A

t

n

n- 1
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Substituting these values into the relevant
equations gives,

Cy = {erf (“T: -*25 - erf G —l }
DT Vi (egtn) o \2E 2 AT (18)
V. Cot kg V.,
o = i f.wl._,-_....]-,,f(-u.l--..lﬂ] . c (1--_’.&-]
% i ) (2/1& 7y I vy L S I G £ (19)

Eguaticn (18) gives the tracer councentration in the discharge from the
C.5.T.R. at the first Lapping after radio-tracer input and equation
{(19) gives the tracer concentration at all subsequent tappings.

Pquations {(18) and (19) hold for a single, pulse input of radio=-
tracer to the furnace. For several simultaneous inputs to the furnace
the tracer concentration in the discharge is ygiven by the sum of
the tracer concentrations due to each input. Hence for m
sgimultaneous inputs ¢f radio-tracer to the furnace the tracér
concentration in the dischar¢ge is given by,

=
C) = L €L,k . (20)
k=l
A
c,= r ¢ (21)
i k.-‘ i.k

where the values of C,; i and C; y are given by equations (18)
and (19) respectively using the relevant values of D, and E.
If all those inputs ex erience the same values of D and £ then
equations (18) and (1 ) apply directly.

These expressions may be used to determine the tracer
concentration in both the slag and the alloy discharge from
the furnace. )
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5. EXPERIMENTAL

5.1.

The furnaces used in this investigalion, designated
M10 and M11l, arc identical in design and construction.
Each furnace has a fully closcd refracteory roof which
containg the gas off-takes, cxplosion hatches, raw
material charging shafts, and observation ports. A
plan view of furnace M1l is sketched in Figure 6. The
water-cooled, steel shell of cach furnace is lined with
refractory bricks covered by clectrode paste. The
hearth lining is refractory hricks supporting carbon
blocks which are covered by a layer of electrode paste.

The base of the furnace is air cooled using fans.

5.1.1. Deusign paranclters

Furnace dimensions of interest ares-?

Nett furnace voluwe 405,284 m3
Internal depth 5,265 m
Internal diameter - roof level 12,660 m
= floor level 9,900 m

Electredes: diamceter 1,900 m
gpacing = p.c.d. 5,429 m

= centre=t >-centre 4,702 m

= gide-to-side 2,802 m

Initially the furnaccs were each cquipped with 3 single
phase 48 MVA trancsformers. These have the following

design elecirical characteristicss-?
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Transformer rating 48 MVA
Line primary veoltage 33 kv
Line primary current 840 A
Number of transformer taps 22
Secondary voltage range 176-300 Vv

In Octobaer 1975 the 48 MVA transformers on M1l were
replaced by 75 MVA transforucrs with the following

design electrical characteristics:-~

Transformer rating 75 MVA
Line primary voltage 33 kv
Line primary current 1312 A
Number of transformer taps 35
Secondary voltage range 183,5-430,5 V

5.1.2. Charging of raw matgrigls

The correclly proportioned mixture of ore, reducing
agent and flux is delivered to each choke-fed charging
shaft via a feed bunker and feed chute. The 13 feed
unkers, each fecding a single charging shaft, are sited
in the furnace building, directly above the furnace
installation. 7This raw mauterial charging configuration
permits the charging of burden mixtures with different
compositions to differert furnace zones if desired. When
the mix level in any bunkcer falls below a certain point,
a gamma-ray sensor activates the rharging system and
additional mix of the correct composition is
automatically delivered -o the bunker.

g % e
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5.1.3. Tapping of furnaces

Alloy is tapped from one of two tap-holes boti of
which are bencath electrode I. Slag is tapped from a
single tap~hole. 1In furnace M10 slag is tapped from
beneath electrode II1I whilst in furnace M1l slag is
tapped from bencath electrode II. The location of the
electrodes for bhoth these furnacns are the same as
shown on the plan view of furnace M1l sketched in
Figure 6. The slag tap-hole on cach furnace is about
1 metre above the alloy tap-holes.

The time between alloy tappings is determinced by the
cumulative energy consumption which is usually 70 or 80
MWh. The slag is usually tapped 40 MWh after alloy
tapping. Fach alloy tapping vields approximately 28 to
30 tornnes of alloy but once a day between 50 to 60
tonnrs are tapped.

5.1.4. Removal and treatmeni of wasic gases

Raw wastce gases may be passed through two identical
gas cleaning plants or vented directly to atmosphere via
the raw gas stacks. Each gas cleaning plant consists of
two venturi scrubbers in series coupled to a cyclone. A
dust hood and stack remove any dust and gas from above
the furnace roof., The furnace pressure ic controlled
to a slightly positive value to prevent infiltration of
alr.

" MK . " LS SERY o M Yo i s
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5.2. The radio-~tracer input to the furnace

5.2.1. Cholce of a suitable gadin-trgcer materigl

The choice of a suitable radioisotope involved
satlsfying the requirements cf ease of generation, safety
in handling, and true chemical identity with the
material to be traced.

The element had to be present in the ore as an oxide
which underwent a degree of reduction, with the oxide
and its reduction product reporting in the slag and
alloy phases respectively. The elements Mn, Fe and Si
all meet this requirement of true chemical identity
but Mn and Si were both ecliminated bocause they did not
meet the requirements of ease of generation and handling.
The radicisotope used was F059 with a half-life of 45

days.

Initially the cholce of ore in which to generate the
Fe represented a preblem, Due to the high Mn content
of manganese ores, the Atomic Energy Board were at first
not prepared to activate these ores. Therefore a high
grade hematite iron ore was used for several tests.
During this perlod trial activation of Hotazel manganesc
ore showed that 1t could be used. The problem of the

r
high activity of MnJ6 was overcome by allowing it to

decay before handling the activated ore. (Mn56 has a
half-life of 2,5 hours). Conscquently in later tests

activated Hotazel ore was used.

59

The radioisotope was produced in a mild steel rod for
one experiment in which the radio-tracer was introduced
beneath the electrode tip. This procedure ensured rapid
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dissolution of the radioisotope in the alloy pool.

For experiments using radloactive ore, a 900 g sample
was lrradiated., Each 900 g sample was made up of ore
particles approximat.ly 1,5 cm in diameter. Thus each
sanmple of Hotazcl ore consisted of at least 300 particles
whilst each samplce of hematite ore contailiied at least 250
particles., This procedure shouvld we ensured a
statistically representative illustration of the
behaviour ¢f the ore in the process.

In exneriments requiring more than one tracer input
the 900 g sample was split into the required nunber of
fractions of equal weight prior to irradiation. These
fractions were isolated from one another using aluminium
foil,

The radio-tracer was produced by irradiating the
sumple in the Safari 1 reactor of the South African
Atomic Energy Board at Pelinduba, Transvaal, at 20 MW
for a predetermined period.

Samples to be irradiaied wore sealed in an aluminium
¢rntainer which was attached to a spindle and inserted
into the reactor pool for a predetermined period at a
short distance from the core. Durlng irradiation the
spindl~ and container were rotated. Once irradiated the
container was removed from the reactor pool and allowed
to stand for one weekX to permit the short lived radio-
le~topes present in the sample to decwy fully. (At this
stage the activity of the sample was calculated to be
0,5 mCi due to the Fesg precent). The radiovactive
sample was then sealed in a plastic bag.
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As a precaution against contamination by fines ore
samples were wrapped in aluminium foil prior to
irradiation. This foill was removed once the irradiation

and decay period was completed.

Prior to ilrradiation of Hotazel ore the ore was
calcined at 700°C for 16 hours to prevent calcination
and gas liberation during irradistion. An additional
precaution with this ore was to seal the sample in the
container by welding rather than by the screw-on 1id
used for other samples.

Where multi-addition experiments were performed
each irradiated ore fraction was scaled in a separate
plastic bag. In later multi-addition experiments the
relative activity of each fraction was measured before

addition to the furnace.

The chemical analysis of the ore samples used is

given in Table 1.

§.2.2. Introduction of the radio~tracer ipto the furnace

The radio. racer was added to the furnace in a feed
bunker, in a chnrging shaft at furnace roof level, 1in a
burden "valley' beneath the furnace roof, and beneath an

electrode tip.

For radio-tracer addition in the furnace feed bunker,
the sample was placed on the burden in the bunker
"by-pass" when the burden level in the "by-pass" was
about 0,6 m kelow the “by-pass" top. The bunker was then
completely filled.

AR s e e
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MASS PER CENT
Element
HEMATITE HOTAZEL ORE
Fe 66,08 1,4
Mn - L, 8
\
Mg0 < 0, 1,58
S10, 2,6k 5,23
Ca0 < 0,05 5,29
Al,03 0,70 -
Table 1, Chemical analysis of process materials
activated

For radio~tracer addirtion to the furnace via a
charging shaft at roof level the sample was introduced
into the burden through the gap of about 0,2 m between
the charging shaft and its corresponding feed chute.

In twoe initial experiments a stoppered steel cylinder
containing the sample was driven into the burden to a
depth of about 0,1 m. The stopper and sample were then
"injected"” intov the burden by means of a plunger and the
cylinder was removed. In subsequent experiments of this
type a shovel was used to lift the burden in the charging
shaft and the sample was introduced into the resultant
hollow.

A feed bunker, fecd chute and charging shaft, and
the two sites of radio-tracer inputs are sketched in

Figure 7.
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Pusition of radiotracer
input to bunker
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Figure 7, Feed Bunker, Feed chute, and Charging Shaft
showing two sites of radiotracer Input
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To introduce the radio-traccr into a burden “valley",
the gample was thrown through an obscervation port into
the valley against the electrode. The site of the radio-
tracer input for this experiment is sketched in Figure 8.

In one experiment a radio-tracer sample was
introducuvd beneath thoe elcctrode tip. A stoppered, cylin-
drical probe was used to contain the radio-tracer sample.
Once the probe tip was driven bencath the electrode
tip, a plunger was used to "inject" the sample and
stopper into the burden.

The furnace was switched out during introduction of
the radio-tracer for all the experiments other than for
introduction of radio~tracer into a feed bunker.
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Flgure 8. Schematic representation of a burden valley
showing the site of radiotracer input
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5.3, Menitnring of the furnace responsce to the

radio~tracer inpul

During each experiment samples were taken of the
furnace products for successive tappings. The initial
slag and alloy samples wore taken immediately before
introducticn of the radio-tracer. These saluples were
used to measure the "background" activity of the furnace

products,

Samples were taken from the tapping launder using a
sampling spoon. In the first four experiments three
samples were taken at each tapping while in subsequent
experiments four samples were taken at each tapping. The
sampling was sprcad over the tapping interval so that an
average compositc sample could be obtained for each
tapping. The nurber of samples taken per tapping was
increased from threce to four to obtain a larger and nmore

represcntative composite sample,

In each experiment all the composite samples, including
the "backgrournd" samples, were subjected to the same
degree of crushing. In the initial experiments a single
pass waus made through a large jaw crusher with a maxiaum
jaw apecrture of 12,5 mm followed by a single pass through
a2 small jaw crusher with a maximun jaw aperture of 8,5 mm.
In subscguent expoeriments a singlce pass was made through a
large jaw crusher with a maximum jaw aperture of 12,5 mm.,
The laticr procedure was lavourced because it simplified

gample treatment.

After crushing, all the composite samples for a
particular experiment were delivered to the South African
Atomic Encrgy Board and the relative radicactivity of a

e e vt s
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fixed mass of each composite sample was measured using

an 8" (20, 32 cm) Nal crystal detector. For ecuach
determination in a particular experiment it was necessary
that thie geometry of packing of ecach sample with respect
to the Mal crystal be identical. This was achieved by
subjecting each sample to the same crushing procedure,
using a constant sample weight in each determination,

and maintaining a constant packing density in each

determination.

The relative radicactivity of each sample was
expresscd in terms of counts per unit time per unit mass,.
This was then corrected for "background" by subtracting
the "background" sample counts from the value obtained
for cach sample other than the "background" sample. The
furnace response was therciore obtained for each
experiment in terms of counls per unit time per unit

mass at each tap after radio-tracer input,

In scime experiments a large time lapse was anticipated
between tle radio-tracer additions and the first
appoararcce of radioactivity in the furnace products.
Samples were not taken for the first f[ew tappliugs after
radio-trucer input to simplify the task of the furnace
operators who were required to assist in the product

sampl ing.

The duration of the samplinag period foilowing each
radio~tracer input was determined by the naturce of the
experiment, and from experience gainced Lrom preceding

experiments.
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5.4. Data louging during cach _expoerimoent

During
recorded: -

(i)

cach cxveriment the following data was

The time of radio-tracer input,
The site of radio-tracer input,

The time of the s&tart and of the end of cach

tapping following radio-tracer input,

Using this information the time of ecach tapping

after radio-traccer input was calculatea and taken to

be at the mid point of cach tapping ainterval,

For ¢ach c¢xperiment the avirage values of the

furnace paramcters were calculated from the recorded

operating data.

L e
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5.5. The experimental campiign

The experimental campalgn of seventceen experiments

consisted of threce phases. Thesce were:-
(i) Experiuenta on furnace M1l with 48 MVA transfcrmera,
(ii) Experiments on furnace MI0 with 48 MVA traa: formers,
(iii) Expcriments on furnace M1l with 75 MVA transformers,

In all experiments the radio-tracoer inputs were made
into the active zone of rapid burden movement.
Fach of these phases will be described in turn

5.5.1. Experiments on furnace Mi1 with 48 MVA
tronsformery

Six experiments were performed with a single radio-
tracer input. In all thesce experiments o her than the
sirth, irradiated hematite ore wus used as the radio-
tracer. In the sixth experiment irradiatoed Hotazel ore

wag uscd as the radio-tracer.

In the fafth experiment the radio-tracer was
introduced into a burden "valley". In the balance of
the experiments the radio-tracer was introduced into the
furnace through the charging/ shafts.

The sites of these radlo~tracer inputs are super-

imposed on the plan view of the furnace sketched in

Figure 9,
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Experiments 1 & 6

Experiment 3

bxperiment §

Experiments 2 & 4

Figure g, Sites of radiotracer inputs for the six
experiments on furnacc MI1 with 48 MVA
transformers
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5.5.2. EkExperiwments on furnace M10 with 48 MVA transformers

During this phasce of the investigation five experiments
were performed. Thesce experiments were performed during

the same period of time as the experimenls on furnace M11.

All experiments other than the last were single Input
experiments in which irradiated henatite ore was

introauced into a feed bunker.

The fifth and last experiment in this phase of the
investigation was a multi-inpul experiment using lotazel
ore as radio-tracer, In this cxperiment twelve inputs of
radio-tracer weie made simultoncously to the twelve charging
shafts feedi: g the three clectrodes. In this experiment no
input was made to the charging shaft feeding the {urnace

centre,

The sites of the charging shafts which were fed by the
furnace bunkers receiving radio-trawer inputs are
supcrimposed on the plan view of the furnace siketched in

Figure 10,

5.5.3. Expcriments on furnace M11 with 75 MVA tran~formers

During this phase of the investigation 8ix experiments

were performed,

In the first experiment arradiated hematite ore was
introduced to the feced bunker feeding the central charging
shaft, whilst in the sixth experiment an irradiated steel
rod was used to make an input beneath electrode I

&7




Experiment 5, Radiotracer inputs to all charging shafts other than
the central charging shaft

6:} 5 Experiment |
| D o
(& Experiment 3
° \
, 0 C:;’ / Experiwent 4
Figure 10. Sites of radiotracer inputs for the five

experiments on furnace M0 with &8 M.A
transformers
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In the four multi-input experiments, inpuls of
irradiated Hotazel ore were made into the charging shafts.
Tha sites of these inputs are shown on the furnace plan
view sketchied in Figure 11. The site of the input for
the sixth experiment bencath eclectrode I is shown. Also
shown is the central charging shaft into which the radio-
tracer was adlad during the first experiment.




Experiment 2. Radiotracer inputs to all charging shafts
other than the central charging shaft

Experiment 3

Experiment 5

Experiment 1

Experiment 4§

Experiment 6
bencath
Electrode |

Figure 1}, Sites of radiotrace: inputs for the six
experiments on Turnac» M1l with 75 MVA
transformers
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6. RESULTS

From each experiment the following results were
obtained:-

(i) The slag or alloy phase furnace responsc expressed in
terms of corrected counts per unit mass per unit time

at cach relevant tapping.
(ii) The time lapse after radio-tracer input for each tapping.

(iii) The average recorded values of the furnace operating

parame ters.

A plot of the counts as a function of the time lapse
from radio-tracer input represents the residence time

distribution for the furnace.

The residence time distributions of the alloy and slag
phases for the six experiments on furnace M11 with 48 MVA
transformers are tabulated in Tables 2 and 3 respectively.

Tables 4 and 5 represent the residence time
distributions or the alloy and slag phases for the five
experiments on furnace M10 with 48 MVA transfornmers.

The residence time distributions of thc alloy and slag
phases for the six expecriments on furnace M11 with 75 MVA
transformers are tabulated in Tables 6 and 7 respectively.

The average valuvs of the [urnace operating paramcters
for all three phases of the investigatlion are shown in
Tables 8 to 11.
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EXPERIMENT

NUMBER

2 S
TIRE COUNTS Ting COUKTS TINE COUNTS Tin COURTS TIME COUNTS Tin COUNTS
par per par par per per

Kours 1 kg Houry 1,5 kg Heurs ) kg Hours | kg Hour g t kg Hours 1 kg
~Qh7 0 ‘CBO lk L3 ik 3-‘3 SB ‘175 hs 2,7 [}
8,78 0 7,48 29 LI 28 6,75 0 8,83 113 6,4 0
11,87 ) 13,01 32 17 3 5,80 0 12,04 1 256 9,8 179
1k, 9! 0 18,44 82 1,0 L1} 12,59 1] 15,54 254 12,9 3 k53
18,07 0 33,51 18 272 14,5 10 8A¢ 15,74 78 18,25 5 320 16,3 b 370
20,95 [+] Ao, kb 17 ajh 17,8 8 285 18,64 12 271 21,1 & k72 21,7 3 450
23,95 5 6hé kS,P13 10 155 2h,7 & 365 21,78 1h 310 24,60 3 576 25,0 2 819
27,33 12 218 19,51 4 886 2h,5 5 665 23,5% 9 933 28,2) 2 999 28,3 2 348
ic,A3 71 093 58,21 ho12y 27,7 353 30,30 N 302 32 2 523 31,8 2 030
3h,27 83 176 73,76 2 ihG 30,9 2 055 33,38 2 887 34,41 1 998 3,7 | 886
32,55 77 818 78,31 | 311 34,k i 198 36,42 1 95§ 37,08 1712 38,1 1 368
ho,90 [ 53883 | &0 758 37,8 768 | 39,31 1 329 | 40,5 1 k23 1,0 112k
ki,15 | 38 851 86,46 1 1ss 40,9 582 | k2.2 1 ogh | 43,04 1 206 15,0 909

89,51 1010 hh, 1 875 45,46 682 k7,00 973 i8 3 691

92,43 138 k1,1 27 48,67 h22 51,1 730 52,0 -

5.7 718 k9,7 210 | 51,88 286 | 55,04 499 55,5 ksp

52,5 21k 85,05 9 ] 35%,7% 813
58,17 72 62,0 382

Tablin 2, Alloy phase residence time distribulions Yor experiments on furrace MI) with 48 MVA transformers

. e ——




EXPERIMNENT

NUMXBER

) 2 y
TINE COUNTS | TIME COURTS | TIME COUNTS | TINME COUNTS | TIKE COUNTS | TIME COUNTS
par per per per per per
Hours | 0,6 kg | Hours | 0,5 kg | Hours | 0,5 kg | Hours | 0,5 ka | Hours | 0,5 ky | Hours | 0,5 kg
447 0 1,26 0 b0 K} 2,05 72 7,29 0 1,6 0
7,87 0| 6,93 23 7,0 27 5,75 38 | 10,83 248 5,7 ¢
11,08 0 11,4 ] 10.0 123 9,00 71 th,51 k18 8,9 o
th,25 of 16,13 0 13,3 296 | 11,84 6] 12,50 k76 12,1} 117
17,38 o] 32,13 0 16,7 322 | 14,92 0§ 20,12 256 14,7 150
20,33 0 37,38 g5 |o20,7 88 1 17,63 0 | 23,k& 133 20,9 190
23,38 0| 43,80 118 M0 31 | 20,75 k38 |} 27,62 ihy 24,3 9
26,55 867 | 48,76 ¢ 26,5 01 23,8 565 | 30,46 18 27,1 b}
219,75 3953 | 52,01 V] io,0 0| 29,88 0| 33,75 2 3,0 0
33,18 | 3 298 } 65,13 ] 3a.b 0 | 32,46 22 | 36,12 0 33,8 0
36,78 1 3322 | 76,13 o 36,8 0 | 35,50 o [ 38,91 o] 37,2 0
40,50 2 185 | 81,96 0 40,0 0 | 38,2 0 | k2,M 0 k0,5 64
k3,52 1 815 | 85,93 0 L34 0| ki,8y 0 | Wh,79 0 b3,7 0
87,76 0 A9.9 ¢ | 44 h2 o 51,58 0 k7,5 0
51,88 V] 49,0 0 k7,75 0 | 5h,96 [ 50,2 -
54,88 0 52,0 0 | 50,92 0D }59,00 0 5h,8 ok
5h,0% 0 ] 62,50 0
Table 3, $iag phase residence time distributions for experiments on

furnace M1l with 48 HVA tranaformers
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EXPERIMENT

NUKBER

1 2
TIME COUNTS TIME COUNTS TIML COUNTS | TIME COUNTS | TINE COUNTS
per per per pet per
Hours ! kg Hours 1 kg Hours } kg Hours 1 kg Hours 1 k¢
13,0 2 878 8, k2 33 6,30 0 20,3 8 1,00
16,3 8 421 11,54 0 9,29 11 23,8 k7 k,00
19,6 7 082 1k, 46 3y 855 12,63 709 27,7 ] 7,2}
22,8 5 (668 17,38 6 728 15,88 6 590 11,3 8 10,29 234
25,6 k 580 | 20,h2 3 265 18,92 6 948 34,9 28 13,58 Ly
29,0 3710 23,67 2 294 23,17 5 226 18,3 0 16,51 2 085
32,k 2 B9} 27,25 1 967 76,17 b b6 41,3 0 | 20,2¢ 2 88L
35,9 2 #88 30,42 b 334 29,54 3§ 759 45,% 96 23,90 4 182
39,2 1 627 33,42 1 310 32,75 3 208 52,8 7 27,96 3397
52,8 | h28 36,38 1182 16,29 273 56,1 92 31,88 2 925
k&, 6 1 157 39.87 815 39,58 2 364 59,5 o 35,62 2 bk
hy,6 615 k2,53 722 k2,71 2 003 62,8 99 39,70 2139
52,8 8os 44,08 $62 W5, 00 i 66,3 886 43,08 I 827
5€,0 663 49,42 k68 49,38 1 548 69,5 1 850 | 46,96 1593
59,3 620 52,5% k28 52,55 1 309 72,8 2 347 50,53 1293
62,5 k50 55,75 168 55,63 Vo124 17,0 2797 5k ,29 1 158
65,6 hh3 | 389,17 3k 8,00 1 035 80,7 31387 | 57,58 319
68,7 353 62,68 308 6L, N 1 06y 84,0 6 682 61,58 -
72,1 353 h6,21 261 64,58 788 86,6 5 527 64,83 753
75.3 238 09,21 173 68,46 127 30,0 5 036
78,8 323 72,46 189 71,50 £9?
75,h6 120 74,83 535
Table &, Alloy phase residence time dlistributicns for experiments

on furnace MI0 with YR KHVA * ansforrmers
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EXPERIMENT NUMBER
i 2 L
TIME COUNTS | TIME COUNTS TiHL COUNTS | TiME COUNTS | TIHE COUNTS
per per per per Ler

Hours 0,5 kg Hours 0,5 5a Hours 0,5 kg Hours 0,5 kg Hours 0,5 kg
12,2 ny 7,5k 63 h,92 0 23,4 69 0,33 0
15,5 579 10,83 16 8,92 0 26,5 0 2,5k )
18,8 751 13,08 0 1,63 30 30,0 34 6,54 ]
21,9 A2l 16,42 hig 15,17 1 922 33,5 104 9,58 0
25,0 15 18,50 302 18,42 498 37,0 69 12,58 29
28,0 226 21,75 217 21,58 218 Lo,6 29 15,96 293
31,2 85 25,96 128 25,08 120 44,1 81 19,21 52
34,5 70 29,5k 339 28,63 kg 51,4 83 22,81 1 250
38,3 93 32,83 3h 31,88 ¢ 55,2 68 27,33 85
41,9 L9 35,58 ) 35,08 25 58,7 59 30,54 0
hS,h o 38.58 Th 38,75 0 61,6 6k 34,79 213
48,9 28 bi,75 ] bi,92 0 £5,0 7 38,37 -
51,9 0 8,18 0 45,08 0 68,5 50 42,08 0
54,8 ] 48,21 ) 48,25 ] 71,6 61 45,58 ]
58,3 1t 51,7% 61 51,66 0 74,8 L 49,25 0
61,3 ] 54,81 8 55,00 0 80,0 29 57,1 0
6h,9 0 58,25 ] 56,92 ] 82,0 48 60,58 -
67,9 7} 61,83 1] 60,08 0 86,5 \9 £4,00 ]
71,4 ] 65,67 L} 62,95 0 89,5 0

Th,6 ] 68,08 3h 70,2t 0

7,3 0 1,19 o Jh, 13 0

74,25 1
Yable §, $lag phase residence time distributions for experiments

on furnece MID with &8 MVA transformers
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NUMKBER

EXPERIMENT
1 o
)
TIME COUNTS | TINE COUNTS | TIMEL COUNTS | TIHL COUNTS | TIML | COUNTS [ TIHE COUNTS
per per per per par per

Hours 1 kg Hours I kg Houry 1 kg Hours 2 kg Hours 2 kg Hours | 1,9 kg
18,13 7123 1,21 ¢ 2,50 0 1,67 =61 2,55 0 3,00 | 20 529
20,96 5 302 3. 0 5,58 0 h,33 =31 5¢5% 0 5:91 14 785
23,58 | h 346 6,92 8,96 0| 6,97 -23{ 8,25 986 | 8,58 ] 12 038
28,46 3 642 9,71 L2 12,20 50 9,42 1721 10,71 1 h60 | 11,29 3 675
31,08 3090 | 12,46 3k 15,66 286 | 11,95 h7 1 13,03 1 708 | 13,41 7 80k
33,59 26851 15,671 213 18,79 6lh | 14,79 261 | 17,00 3883 16,83 6 614
36,21 2 303 18,71 292 22,25 3634 | 17,67 3604 | 20,461 35372 19,96 h 922
19,05 1990 | 22,8 417 5.0 5 148 | 20,35 5250 20,331 2 972 23,08 3637
LY Y] 1 625 ] 26,06 k76 28,62 58331 2:, 01 k318§ 27,71 2 901} 26,29 2 262
44,09 1 h21{ 28,84 478 L L 204 | 26,63 13571 30,00 2 481 ] 31,12 1 698
k8,59 1 2381 31,62 551 35.83 3107 30,08 353 2N 193kt 32,87 I 296
Ag,30 | 1037 34,05| 542 39,33 2962 32,67 2719 35,070 % 5561 35,54 488
$%,00 8251 36,67 k33 k2,84 2 4371 35.2% 18521 319,08 1207} 39,08 170
5h,92 697 1 139,55 k31 47,85 2 290 | 38,57 VA73 ] k2,14 1 033} 51,62 590
87,67 561 | A1,92 324 49,58 1 684 | 4t,4t 1 2181 45,30 810y 45,13 401
60,67 499 | kg, 88 ALY ] 53,1 20061 ha, 2} 1 020 | k8,30 670 | 472,87 296
63,38 439 57,83 P2 W2, 788 50,%8 261
85,35 L1 83,21 199
68,13 358 46,71 134
70,84 27h 58,87 85
723,13 223

76,21 237

78,50 159

81,7 L1

L 80

86,34 65

88,84 75

5,30 30

93.30 83

96,42 115

99,25 7h

102,17 89
Tsbla 6. Alloy phase residence time distributions for experiments on

furnace M11 with 7% MVA transforwers
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Tabia 7. $leg phasse residence time distridutions Tor experiments

o furnace 1) with 75 MVA transformers
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' PRIKARY L IKE ELECTRODE
FURNACE | TRANSFORNER | TRANSFORMER CURRENT CURKENT PRIMARY
EXPERIMENT |\ 5 PRIMARY SECONDARY A KA LINE
NUMBER . VOLTAGE
] CONNECTION TAP W
] 2 3 1 §4 11
EXPERIMENTS ON FURNACE Mil WITH L8 MVA  TRANSHORMERS
t 25 telta 22 910 579 853 | 101 l 103 56 32,k
Z 18 Star L] 605 653 616 .14 87 75 32,2
3 2€ Dalta 22 B3y 880 gao | 100 96 90 32,k
k 26 Delta 22 8N 913 867 | 103 99 93 32,4
5 26 Deita 22 852 807 8us 1101 99 9% 32,5
] 26 Delta 2 854 921 8L 1 100 fou 92 32,3
EXPERIMENTS CH  FURNACE MI0O WITH 48 KVA  TRANSFORHERS
1 26 Delta 22 857 893 837 98 98 33 32,3
2 25 Delta 22 86b 503 852 | 99 100 % 32,2
3 26 Delta 22 #58 897 82 | 98 99 57 32,7
A 20 Delta 20 785 828 800 | 91 9% 93 32,9
5 22,6 Delta 21 877 B8s 871 1 101,01 9.6 ] 99,9 | 33,6
EXPERIMENTS ON FURNACE M1l WITH 76 MVA  TRANSFORMERS
) 32,8 Delta 2k VoasB o0 o32h ) ovozes | azn,2 | w2 | d22,3 32,9
2 31,6 Lelta 15 1281 | 1 372 ] 1 386} o123,0 ) a4t ) 124,00 32,8
3 24,8 Delta 2 Tos2 f v a3yl ovouk [ 16,5 | 1150 | lis,9 ] 32,8
4 30,5 Delta 24 1197 1 V279 8 1 292 juig,6 | 119,8 | 119,6 | 32,9
5 29,2 Delte 23 V172§ v 256 f 1 258 | tiz,5 | 17,6 17,5 32,6
é 31,4 Dalta 2k Yas2 | Va3 oy osks 22,0 t2z,2 | 120,81 32,7
Table 8, Avarage electrical furnace parametears recorded during experimentation
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ENERRY TIME BLTWIEN | DURATION OF
CONSUMPTION SLAG 10 TAP#INGS TAPPING
EXPFRIMENTY PLR TAPPING L LOY MASS ALLOY MASS RAW MATCRIAL h h
HUMBER CYCLE PER TAPPING RATIO FELDRATE DOWNT I ME
M. h t t/h ALLOY | SLAG | ALLOY SLAG h
EXPERINENTS ON  FURNACE MI1 WITH 48 MVA  TRANSFOPHERS
1 81 2h,72 0,93 25,84 33 3,3 - - 0
2 81 25,15 1,15 14,69 6,3 8,2 - - 6,08
b 78 2k,97 1,00 27,33 3,2 | 3.2 0,30 | 0,65 0
L] I3 25,83 0,98 26,80 3.2 4 3.3 0,27 | 0,62 L,17
5 82 23,4k 1,186 25,95 35 3,5 0,34} 0,52 2,00
13 3s 6,7 1,03 °3,82 3,5 3.5 0,43} 0,50 0
A J
EXPERIHENTS ON FURNACE MI0 “iTH LB MVA TRANSTORMERS
|
1 81 25,34 0.86 27,85 3.3 3.3 0,h2 § 0,70 0
2 77 23,h2 0,96 27,19 1,2 3.2 0,40 | 0,58 0
3 8¢ 23,74 1,05 29,95 3,3 3,3 0,51 { 0,73
1 77 23,63 0,92 22,17 3,7 3,7 0,39 | 0,4 2,10
5 81 - 0,12 26,80 3,85 | 3,54 ] 0,6k ] 0,5% a
EXPERIMENTS  OM  FURKATE MIT WITH 75 MyA  TRANSFCRMERS
1 87 - 0,48 32,h3 2,70 ] 2,791 0,55 | 0,57 1,92
2 97 34,10 0,86 32,66 2,98 | 3,10 0,51 | 0,5% 1,00
3 8 32,64 0,49 24,03 3,h6 ) 3,0k | 0,61 ] 9,63 1,17
] 34 28,17 0,86 33,48 2,86 | 2,84 - - 1,02
S 24,73 0,87 Jo,24 3,031 3,01 0,68 { 0,61 0,83
‘ !2 3°|A3 0099 3"1‘2 2!9" hd 0169 - 0-92
Table 8, Avarage non-elestrical furnace parameters recorded during experimentation
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ALLOY AHALYSIS SLAG  AMALYSIS
EXPERIMENS (KASS %) (HASS %)
HUMBER

Mni Fe 5l P S Hn0 $10, | Ca0 Hy0 Al,04 | Feu

EXPERIMUNTS O FURNACE M1 WITH 48 MVA  TRANSFURMERS
| 78,51 13,6 ] 0,1k | o,083] o,009] 20,0 33,6 | 29,71 7,87 h,26 1 0,16
2 74,9 | 12,2 { 0,07 | 0,088 | 0,008 | 27,4} 29,5 [ .5,7 ] 7,% h,63 1 0,25
3 76,81 15,3 | 0,14 | 0,083 o,009] 22,4} 33,9 28,2 | 7,65 Ly | 0,18
L 78,2 | 13,8 0,17] o,086 ] o,008 | 24,7 1| 37,8 28,4 7,5% h,56 ] 0,18
5 76,4 } 15,7 1 0,10} 0,079 0,011 | 24,51 32,0 ) 28,5 { 7.79 k,21 1 0,23
6 76,5 { 15,31 0,02 0,081 o, 001 23,94{ 31,6 2y,2{ 7,82 hao | 0,13

EXPERIMENTS ON  FURNACE HID WITH kB MVA  TRANSFOSMERS

] {

i 78,81 13,6 ] o, 04§ 0,083 0,009} 22,61 2,21 28,61 7,70 k,67 | 0,18
2 78,0 ] 1h,0 J 0,15 0,0Rk ) 0,000} 25,6 37,6} 27,4} ;091 4,4, 0,22
3 76,4 1 15,6 f 0,11 | o,uB1 | 0,000 24,8 31,9} 28,11 7,.. k,10 ; 0,19
k 77.8 1 14,31 012 o,07k} G,0t0}) 2b,6 ] 31,k 27,6 7.8 b,3» | 0,19
5 75,2} 16,9 ] 0,42 { 0,078} 0,006} 27,6} 30,3} 29,6} 7,25 4,05 | 0,24

EXPERIMENTS ON  FURNACE M1 WITH 75 HMYA  TRANSFORMIARS
i 76,6 | 15,k 0,1k 0,027 C,01k§ 2k,0f 31,5 ) 31,9 ] 7,68 h,1h § 0,20
2 77,74 Y b o,13f n090 ) o, 000} 25,210 31,5} 30,0} €,RC 3.95 ] 0,34
3 78,31 13,71 06,38 ] 0,079} o016} 16,0 35,0 32,7 ] 8,09 4,34 0,23
b 76,9 1 15,01 0,31} 0,090 O, 082 21,7 32,9 30,6 72,70 k16 { 0,33
5 77,3 ta,6 ) 0,21 a,090 1 o,008( 21,6 34,8 30,7 7,43 bh,20 [ 0,24
9 76,7 1 15,k 0,0 0,078 0,009] 29,8} 32.5] 22,9} 7,850 A1) n,1g

Tabhle 10,

Average product analysis recorded during experimentation
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EXPERIMENT NUMBER

% OF THEORET{CAL CARDON
REQUIREMENT IM THE FEED

EXPERIMENTS ON FURNACE MI1

WITH

48 MVl TRANSFORMERS

1
2
3
b
5

6

EXPERIMENTS ON FURNACE MI10

B B o R O e L AN TS S S o SR B T o) J L

WITH

B R o R A ama e S T B0 B B = 2 o

94,6
100,3
96,0
100,0
96,7
105,5

L8 MVA TRANSFORMERS

—~

wm W N

104,2
103,4
95,1
97,2
123,2

I TN SR T TR A RO LTI P AT R R

EXPERIMENTS ON FURNACE Mil

L

WITH

Rl £ M T R I

75 MVA  TRANSFORMERS

Oy U I w N -

100,6
101,8
93,9
103,6
99,4
98,0

Table 11, Average percentage of the theoretical carbon
requirement in the furnace feed recorded
during experimentation
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The values for the per cent of the theoretical carbon
regquirement in the furnace fced given in Table 11 were
calculated as follows:-

For each expcriment the mass per cent of iroa,
manganese and carbon were calculated from the raw material
analysis and the rclative proportions of the charge
components in the burden mix, Based on the following
agsumptions the theoretical carbon requircuent in mass

per cent was calculated.

(i) All the Fe was present as Fe,Oy,

(ii) The Fe,0, was reduced by the reaction,

F2303 + C = 2Fe + 300,

(iii) A1l the Ma was in the form MnO prior to any

consumption of carbon by the Mn oxides,

(iv) All the MnO was reduced by the reaction,

7Mn0 + 10C = Mn;Cy + 7CO,

From these assumptions the theoretical carbon

requirement for complcte reduction in mass per cent was,

X Fe/3,33 + % Mn/3,21.

Hence the per cent of theoretical carbon reguirement
in the furnace feed was given by

2 C

-~ %100

2 Fe " 2 Mn

3,33 3,21

Yt

— 10

N —— e ot =
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7. ANALYSTS  OF  RESULTS

s~

7.1. Iptroduction

Resulls obtained for the slag phase were nol analysed

because it was very doubtf{ul that these results were
reproducible. This was becausce of the low signal-to-
noise ratios in the measured responses and alloy

entrapment within the slag.

When the stimulus is a radio-tracer input to the
furnace feed, the response signual is the radiocactivity
level in the discharge due Lo this stimulus., The
response nolse is the radiocactivity level in the furnace
discharge duc to natural or "background" radiocactivity.
In responsc measurcment both signal and noise are
recorded. To obtain the response signal the response
noise is easured prior to stimulus of the furnace,
and this noise is subtracted from the total response

measured alter stimulus.

In general the response noise is subject to random
fluctuations, but, provided the responsc signal is
~...Eilciently large, the influence of the neoise
fluctuations is damped out. If the response signal-to-
noise ratio is small, noise {luctuations are important

and the results are not significant.

For one slag phasce result the response peak signal-
to-nolse ratio was 1,28. 1In the balance of results for
this phase the peak signal-to-noise ratios were less
than 0,70, Hence these results were not significant.




1

54

Visual examination of slag samples taken during the
experimental campaign revealed that alloy beads werce
entrapped in the slayg, and that the amount of alloy
entrapment in the slag varied from tapping to tapping.
~. may be shown for slags and alloys of typical
compositions that in mixtures containing a little over
one mass per ccnt alloy, the sluaqg and alloy introduce
egqual amounts of iron into the mixture. Consequently
the extent and variation of alloy entrapment in the
slag strongly influcenced the forms of the clayg phase
responses obtained by altering the amounts of Fe59
preszent in the slag samples monitored. Hence these

ra@sults had no significunce.

The alloy phase result for experiment 2 on furnace
M1l with 75 MVA transformers had a peak signal-to~noise
ratlo of 0,22 and s0o was nol analyscd. For the balance
of the alloy phase results the pcecak signal-to-noisc ratios

varied from a minimum of 1,48 to a maximum ol 64,5,

Many of the residence time distributions for the
alloy phase were truncatoed and single paramcters to
dec<sribe the residence time distributions could not be

calculated.

At each furnace tapping the response signal was
expressed in counts per unit time per unit mass. From
one tapping to the next the amount of naterial tapped
varied, influencing the amount of radio-tracer discharged
at each tapping. To obtain a relative counts value for
the radio-activity level of the total furnace discharge
at each tapping the counts recorded werc multiplied by
the relative mass tapped at each tapping. The relative

O S
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mass tapped was calculuted as ‘he ratio of the mass
tapped during the particular tapping to the maximum
mass tapped at a single tapping during the experiment.
A plot of the corrected counts as a function of time
lapse after radio-traccr input gave the true residence
time distribution for each experiment. These
corrected results were analysced,




7.2. Correlations between the average operating
parameters recorded during the experimeptation

To facilitate the comparison of residence tinme
distribution data with furnacce operating data, simple
correlations betwecn operating parameters were considered.

The ranges of operating conditions prevailing during
experimentation ¢n furnace M11 with 48 MVA transformers,
and on furnace M10 with 48 MVA transformers, werc small
in each case, and hcuce the evaluation of correlations

was dif{ficult.

In the evaluation of correclations, the following sets
of data were considered:-

(i) The data recorded for the experiments on furnace

M1l with 48 MVA transforumcrs,

(ii) The data recorded for the experiments on furnace M10

with 48 MVA transformers,

(iii) The data recorded for the experiments on furnace Mil

with 75 MVA transformers,

(iv) The data recorded for all the experiments on

furnace Ml1l.

The most important operating parameter is the furnace
load which is the encrgy input to the furnace.

Consequently correlations between the furnace load
as dependent variable, and the following independent

variables were considered: -~
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(i)

(i1)

(iii)

(iv)

(v)

(vi)

(vit)

(viii)

(ix)

{x)

The primary line voltage.

The sum of the squared electrode currents.

The energy consumption per alloy tapping cycle.
The tiwme lapse between alloy tappings.

The mass percentage MnO in the slag.

The furnace {fcedrate.

The mass percentage Mn in the alloy.

The alloy production rate.

The slag to alloy mass ratio.

The mass ratio @ MuO/Mn.

Qther correlations considered were as follows:-

(1)

{iv)

The mass percentage Mn in the alloy ar dependent
variable and the mass percentage MnO in the slag

as independent varjable.

The furnace feedrate as dependent variable and the

mass ratio : Mn0O/Mn as independent variable.

The percentage of the theoretical carbon requirement
in the feed as dependent variable and the following
&8 independent variablea:-

(a) The mass percentage MnO In the slag.

(b) The mass ratio Mn0/Mn,

The alloy production rate as dependent variable

and the furnace fcedrate as independent varisble.,
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(1)

(ii)

(iii)

(v)

(vi)

(vii)

(viii)

{ix)

(x)

The primary line voltage.

The sum of the squared electrode currents,

The energy cousumption per alloy tapping cycle,
The time lapse between alloy tappings.

The mass percentage MnO in the slag.

The furnace fecdrate.

The mass percentage Man in the alloy.

The alloy production rate,

The slag to alloy mass ratio,

The mass ratio @ MnO/Mn.

Other correlations considered were as follows:-

(1)

(ii)

(iii)

(iv)

The mass percentage Ma in the alloy as dipendent
variable and the mass percentage MnO in the slag

ar independent variable.

The furnace fvcedrate as dependent variable and the

mass ratio : MuD/Mn as indevendent variable.

The percentage «f the theoretical carbon requirement
in the feed as dependent variable and the following
as iundependent variables:-

(a) The mass percentage MnO In the slag.

(b) The mass ratlo Mn0/Mn,

The alloy production rate as Jdependent variable

and the furnace feedrate as independent variable.
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‘v) The ratio: furnace load to furnace fecedrate as
dependent variable and the mass ratio: MnO to

Mn as independent variable,

Lincar correlations werr: obtained using standard

71

linear regression analysis. These correlations were

tested as follows:=~

(i) By use of the Students' t-distribution at the
99 per cent confidence level to assess whether a

correlation existed,”’!

(ii) By use of the cocfficient of determination to nsscss

71 The closer this

the value of the corrvlation,
coefficient is to unity the better the correlation,
Only correlations with coefficients of determination

of greater than 0,89 were considered,

Non-lincar correlations were obtained using the
standard Law and Bailey non-lincar regression technigue
with a convergence test.’” These corrclations were
tested by use of the informution per obscrvation point.
The larger this value the better the correlation. Only
correlations with values for the information per
observeticn point of greater than 1x106 were used.

The three linear corrclations obtained involved the
furnace load as dependent variable (y). For the
experiments on furnace M1l with 48 MVA transformers the
correlation obtained with time lapsc between alloy
tappings as independent variable (x) wasi-

y = =2,597x + 34,45

For the experiments on furnace M1l with 75 MVA transformers
two correlations were obtained. The correlation obtailned

BEIINCINGN SR s LU W ol o g 5 o
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with the sum of the sguared eloctrode circuits as
dependsnt variable (x) was:-
y = 1,386x - 29,51

For the mass per cent MnO i1n the slag as independent
variable (x) the corrclation was:-

y = 0,8363x + 11,72

For all the experiments on furnace M1l a non~linear
correlation was obtaincd with tfurnace load as dependant
variable {y) and furnace fcedrate as independent

variable (x). This correlation was:-

y = 0,0107x2 + 0,2302x + 12,3604

i S £ e o
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7.3. 8Single paramcter desceription of residence
time distributions

A computer program, shown in Appendix A, was used to
calculatce the parameters described in Section 3.2 for
some of the resildence time distribulions. This analysis
was roestricted to results where there was no truncation
at the start of the distribution, and where the ratio of
the final experimental value to the peak experimental

valur was 1=ss ttan 0,01,

As the distributions analyseod were discrete rather
than continuous, integrals were replaced by summations

in the analysis.

The mean residence time ta was calculated as,

N
LoC. t, At,
i i i
faom A0 .
H
L C. At.
i
i=m
where, Ci = counts at itZ capping,

” -
At (tm+1 tm)/z’

Bty m ey = g )72,

and A, = (t,
1

o1 7 g2 medsN,

The mih tapping was the first tapping at which the corrected
counts were greater thun zero. The Nth tapping was the last
tapping at which tho response was measured.
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The normalized distribution in terms of units of mean

residence time, 0, was calculcted from,

C.
(4D R— 1 vt
'3 N
L €. AG,
. i i
i=m
vhere 8, = t, /ta
i i
and se, = Ati/Ea

A plot of C{ as a £ nction of 6].L gave the C~-cuvrve, C(8).

The F-murve, F(€), was obtuincd by calculation from,

i
F,. = I C° A0
k8

k=m k

and plctting Fi as a funuviaion of Oi'

Moments of the C-curve about the olrigin and mean were

calculated using th- following equations:-

N
Meow oL ¥ ¢: a0, k= 1,2 c0. 5,
. 1 L 1
1m

and N K
I (0.-1)" ©! AC, k=1,2 .... 5.
. 1 X X

1=

where, kth moment about the origin

=

kth moment about the mean.

=
®

S T
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All these calculations were performed using a
single computer program. The mean, and variance in
terms of units of mean residence time, for the results
analysed are shown in Table 12. The C and F-curves
are shown in Figures 12 to 17. The computer pregram

is given in Appendix A.

EXPERIMENT e MEAN | VARIANCE
NUMBER ta g?
RATING
4 M1, 48 Mva 25,46 0,0914
2 M10, 43 MVA 20,15 0,2930
6 MIT, 75 MVA 13,76 0,5354
Table 12, Single parameters to describe residence

time distril *ion
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2,4
2,2
2,0
1,8
1,6
1,k
1,2
1,0
0,8
0,6
0,4

0,2

o
L]

0,0

| "I
1 ?

s ¥ e Lttt 1 1
0,0 0,2 0,4 0,6 0,8 1,01,2 1,4 1,6 1,8 2,0 2,2 2,4

0

Figure 12. C-curve for experiment 4 on furnace

M1l with 48 MVA transformers
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0,9 0,2 0,4

Figure 13,

0

) ] i
,6 0,81,0 1,2 1,8 1,6 1,82,02,2 2,4
0

F-curve for experiment 4 on furnace
M1l with 48 MVA transf{ormers
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3’0"'
2,0
1,04
- »

0’0 >0 1 ¢ ..q'..n--l‘-‘ ot

0,9 1,0 2,9 3,0 h,0

]
Figure 14, C-curve for experiment 2 on furnace

M10 with 48 VA transformers
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0,4 -
0;3 -
0,2 ¢

n,1 |

0,0

il | i { J

2,0 1,0 2,0 3,0 4,0

Figure 15, F-curve for experiment 2 on furnace

MID with 48 MVA transformers




E(0)

L5

0,5

0,0

0,0 1,0

Figure 16.

2,0 . 3,0 4,0 540

C-curve for experiment 6 on furnace
M1l with 75 MVA transformers

. A o

s mertn




P ]

W ——
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0:9" .
0’8-

0,7

033”

0’2“‘

0;0 i ] 1 1 [
0,0 1,0 2,0 3,0 4,0 5,0

Figure 17, F-curve for experiment 6 on furnace
M1l with 75 MVA transformers
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7.4. Dec.. ntion of residence time distributions by

means of g theoretical model

The equations developed in Section 4.4 were used to
Aescribe the measuired residence time distributioas. The
optimum values of the model parameters in these equations
were obtained for each result by applying the standard
Law and Bailey non~linear regression technigue with
a convergence test using a computer.’?

The computer program developed consisted of a
combination of available library subprograms and user
written subprograms. Variations of the basic computer
program were developed to deal with the following
condltions:-

(i) Single input experiments.
(ii) Multi-input experiments.

(iii) Single input experiments where the initial portion

of the distribution was truncated,

Due to regression problems, it was found that optimum
values of the model parameters were not always obtained
with different initial guesses of the parameter values.
This was considered to be due to the following reasons:-

(i) The extremely non-linear nature of the experimental

results.

(i1) The generation of numbers beyond the dimensional

limits of the computer.

Conseguently an additional variation of the basic computer
program permitted regression on each of an unlimited
number of sets of initjal values.
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A full description of ths development and final
configuration of the computer program is given in
Appendix B.

For aingle input experiments the equations used to
describe the raeasiderce time distributiony obtained
ware equatione (18) and (19) (refer Section 4.4). These
ara reproduced belewiw

VCot t) 1 1
Cy = {exf [ o ]« gpf fo o] )
2 Vinv (t, ) 2B 25 2/b
V,Cot t 1 1
C; = 4 {erf ( i. » w—i = grf "i':'}'-*—*]) *C0 [
2 vinv {t-t, ) bt 2k 2/t 2B

i= 2y cie. Ky

The four model parameters hers were Co, &, D and Vinv,
By means of the computer program the optimum values of
co, £, D und Vinv and the theoretically computed
residence time distribution were oltained. For some
axperiments the residence time distributions wers
truncated at the start of the distribution and the

nissing valuss were predicted by the computer program,

For multi-input experiments it was asaumed that each
input was subject to the same dagree of dispersion in
the disporsed plug flow region. In addition it was
assumed thet the maximum number of different ts
in the dispersed plug flow region was {our.

These assumptions wers made to limit the number of
paramsters to be optimized in the regression analysis.

(13)

(1%9)

—
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For these experiments the maximum number of
parameters to be optimized was seven. The
equations used to describe these residence time
distributions were equations (20} and (21)
(refer Section 4.4) which are reproduced below:~

m
Ci = I Gk meh (20)
koml
m
C,= I C,k i=2, ... N andmeh (21)
ok

The values of C;,k and Ci,k were gliven by equations

(20) and (21) using the relevant values of {k, By means
of the computer program the optimum values of Co, D, Vinv,
£1, ... En and m were obtained together with the
theoretically computed residence time distribution.

In one experiment (experiment 6 on furnace M1l with
75 MVA transformers) a single input of radio-tracer was
made beneath the electrode tips. For this experiment a
simplified equation was used to describe the residence
time distribution obtained. Here it was assumed that the
radio~tracer was introduced directly to the C.S.T.R.
For an initial amount of radio~-tracer Co introduced at
time t = o the concentration at the first tapping after
input was,

- .C0

For subsequent tappings

V'
Ci bl Ci"l (l'v;n.}’J i= 2' ees N (23)

-

= e e -
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The computer program based on egquations (22) and
(23) was used to obtain the optimum values of Co and
vinv and the theoretically computed residence time
distribution.

7.4.1. Experiments on furnace M1l with 48 MVA
transformers

The values obtained for the parameters for these
results are given in Table 13. Experimencasl and
theoretically computed residence time distributicns are
given in Figures 18 to ?3.

7.4.2. Experiments on furnace M10 with 48 MVA
transformers

[
The values obtained for the parameters for these

results are given in Table 14, Experimental and
theoretically computed residence time distributions
araea given in Figures 24 to 28.

7.4.3. Experiments on furnace M11 with 75 MvVA
transformers

The experimental result for experiment 2 during this
phase of investigation was not analysed. The values
obtained for the parameters for these results are
tabulated in Table 15. The oxperimental and theoretically
computed residence time distributions are given in

Figures 29 to 33.
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Experiment Co t D Vinv Sum of
Number dours m3 Squares
1 48251,4 29,799 | 0,00682 12,494 8,380x108
2 25221,8 28,484 {0,00923 | 9,972 2,30Lx106
3 6711,4 11,941 | 0,00099 |15,545 2,522x106
4 3811,2 18,414 1 0.00120 | 8,280 b,Lh2x106
5 696h,3 13,381 | 0,00584 [21,0n48 1,241x108
6 4232,2 13,356 | 0,01021 [19,393 1,922x106
Table 13, Modes parameters for experiments on Ml1 with
k8 MVA transformers
Experiment Co t b Vinv Sum of
Number Hours m3 Squares
1 8293,7 13,808 | 0,01002 {20,478 ¥,822x106
2 5763,3 13,080 | 0,00173 { 4,476 6,857x10?
3 7530,0 15,109 | 0,00100 [23,967 1,095x106
4 1,998x1015 | 72,186 | 0,00181 | 6,724x101% | 1,601x106
5 2 e 19,908 | 0,00959 [16,038 1,670x108
Table 14, b arameters for experiments on M10 with

48 MVA transformers
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Experiment Co t D Vinv Sum of
Number Hours m? Squares
1 5116,6 | 15,906 | 0,01248 | 26,909 | 3,740x108
3 Lsh7,4 22,347 0,00994 34,132 2,059X106
4 2751,2 | 18,846 { 0,01159 | 15,283 { 1,026x106
5 5923,3 | 16,275 { 0,00910 | 22,037 | 3,556x10°
6 268489 - - 15,408 | 3,010x107
Table 15, Model parameters for experiments on M1l with

75 MVA transformers
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7.5. Correlations bectween model parameters and average
oRE .1 I

The model parameters t and Vinv were considered in

this anaiysis.

Correlations were assessed graphically. Analysis was
restricted to linear correlations except in cases where
obvious non-linear correlations existed.

Correlations setween both t and Vinv and the following
average furnace operating parameters were considered:-

(i) The furnace load.
(ii) The furnace fecdrate.

(iii) The alloy Adischurge rate,

(iv) The :im- lapse between alloy tappings.
(v) The primary line voltage.

(vi) The sum of the squared electrode ¢ 'ats,

1 N A et et

{vii) The mass ratic : MnO/Mn.

Correlation between t and Vinv was also considered. For
each correlation the same sets of data used in
Section ".2 were considered.

No correlationa were found to exist for the above
comparisons on & graphical basis. Hence no c¢arrelations
were evaluated by regression analysis.
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8. DISCUSSION

8.1. Introduction

Time and experimental costs limited the number of

experiments in this investigation. To reduce experimental

costs and the duration of the experimental campaign two
furnaces were investigated simultaneously. Thus it was
not possible to perform a full-scale investigation of
either of the two furnaces. The investigation served

primarily to establish techniques for the measurement and

analysis of residence time distributions.

Many experiments were performed with different
numbers and sites of radio-tracer inputs. Where
necessary several of the same experiments were performed
to perfect tha particular experimental technique. Sites
of radio-Lracer inputs were selected 80 as to ensure
that tne inputs entered the active zone s rrounding the

el ectrodes.

The three points of radio-tracer input were beneath
the electrode tips, at the stockline level and in the
furnace bunkers. Both aingle and multi-input
experiments were performed and a different technique
was used to introduce the radio-tracer at each point.
Single input experiments permitted investigation of
selected furnace zones while multi-input experiments
permitted investigation of overall burden descent
through the furnace.

The lack of sufficient experimental data prevented
any statistically significant quantitat ‘ve analysis of
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the mechanism and rate of burden deecent through the
furnaces. However sufficient data was accumulated to
permit gualitative analysis of burden descent through
the furnace. On the basgis of the information obtained
it seem:c posgsible to design future experiments to
obtain conclusive information about burden descent
through these furnaces.
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8.2. The experimental procedure

The experimental procedures developed to measure
reglidence time distributions for submerged-arc furnaces
were based on the stimulus-response technigue using radio-
tracer inputs as stimuli. Provided suitable radicactive
sources were avallable, both slag and alloy phase
reglidence time distributions could be measured.

59, proved to be a sultable radio-

The radioisotope, Fe
active source for alloy phase residence time distiibution
measurements, In initial experiments hematite ore was
irradiated to produce Fes9 and this was used as the
radio~tracer material. This represented a compromise
between the use of a radio-tracer which closely resembled
the process feed material and a radio-~-tracer which could
be easily produced and safely handled. The South African
Atomic Enerqy Board subsegquently cdeveloped a technigue
whereby Fesg could be safely produced by irradiation
of Hotazel manganese ore, Th.s permitted the use of
acuvual process feed material as radio-tracer in later
experiments, The use of irradiated Hotazel mangan2se ore
a8 radlo-tracer represented an improvement in the

experimental technique,

The radioisotope, Fesg, was an unsuitable radiocactive
sov ~ce for slag¢ phase residence time distribution
measurements for two reasons. Due to the low concentration
of FeO in these slags, highly radioactive radio-tracer
inputs were required for production of sufficient Fes9 in
thie Blag as FeO to permit reliable response measurement.
Alloy entrapment within the slag resulted in random
Intreduction of relatively large quantities of Fesg into
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the slay and the resultant "noise" made the results
obtained unreliable. Although the former problem could
have been eliminated by the use of highly radioactive
radio~tracers, their use would have compounded the
influence of alloy entrapment in the slag. The selection
and use of a suitable source of radioactivity for slag
phase residence time distribution measurements was beyond
the scope of the investigation.

The experimental prccedure in this investigation could
have been improved by use of direct on-liue response
measurement. Unfortunately at the time of investigation
portable detectors were insufficiently sensitive for
direct on-line response measurement under the conditions
which existed on these furnaces., Direct on~line response
measurement is more accurate, simplifies response
measurement, and eliminates truncation problems.

Had a portable detector been available during the
investigation, truncation of the residence time
distributions would have been avoided. A portable
detector would have been used to determine from samples
taken, when to start, and when to stop. sampling of the
alloy discharge from the furnace for response mecasurement.

RN oSl T M 1 L, . i, B A sy, % e

Wt

- a0

L e



10

L Mg
i

e e e e e

72

8,3. Correlations between average furnace operating
paraneters

The large number of wvariables influencing furnace
operation between and during experiments made it extremely
difficult to obtain correlations between average furnace
operating parameters., This task was made more difficult
by the fact that many of these variables, such as burden
resistivity, and the reanstaivity of burden components,
sould not be monitored. Consequently very few simple
vorrelations were obtained. All correlations obtained
had furnace load, P, as dependent varlable,

For experiments on furnace M1l with 75 MVA transformecs
two correlations were obtained, The following type of
correlation wes obtained with electrode current, Iz~

3 2
Pesk I I, -t
i=y *
vhere k and L are constants.
For the frrnace,
P = RyI3 + RyIZ + Ryls
wherea R = resistance,

3
Provided k m R} » R, Ry, P=k I 1§
im

This aquation has the same form as the correlation obtained.
The following form of correlation was obtained with the
mass per cent MnO in the slag, ¥MnO:i=-

P=k 850 + 2
vhere k and L arc constants.

This correlation could not be explained by simple
conslderations and had to be attributed to the influence

e Tt LR
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of reducing cendicions in the furnace.

For experiments on furnace M1l with 48 MV.
transformers, a correlation with time lapse between
alloy tappings, t, of the following form was obtained:-

P= -kt + 2
where k and 4 are constants.

whis correlation expressed the fact that, as furnace
load increases, the time lapse between alloy tappings
may be decreased due to the faster smelting race.

For all experiments on furnace Mll the following form
of correlation was obtained with furnace feedrate, t/h:-

P=ky (t/h)? + ky (¢/h) + 2
where k;, k, and £ are constants.

Thig correlation was an expression of the fact that there
is a maximum rate at which burden can be smelted for this

furnace,

As the primary object of establishing correlations
between furnace operating parameters was to assist in
comparing this data to residence time distribution data,
mor= complex correlations were not considered.
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8.4. Single parameter description of residence time
distributions

Due to truncation problems, single parameters were
calculated for only three single-~input experiments.
These were « eriment 4 on furnace M1l with 48 MvA
transformers, experiment 2 on furnace M10 with 48 MVA
transformers and experiment 6 on furnace M1l with 75 MVA
transformers. Sites of radio-tracer input for these
experiments were a charging shaft, a feed bunker, and
beneath an electrode tip respectively. The single
parameters calculated for the residence time distributions
included the mean residence time, ta, and the variance
in units of mean residence time, ¢2. Each of these will
be discussed in turn.

8.4.1. he mean residence time, fta

Provided burden descent through the active zone of the
furnace is uniform a comparison between ta, measured by
means of a single radio-tracer input, and the nominal
mean residence time, tn, will show that there is a
stagnant region in the furnace in that €n will be yreater
than fa. where burden descent through the active zone is
non-uniform this comparison is only valid if ta is
measured by means of many simultaneous radio-tracer inputs
to all portions of the feed to the active zone.

In this analysis it was assumed that burden descent
through the active zone was uniform and that comparison
of fa and En would show whether stagnancy did exist within
the furnace volume. (The basis for this assumption is
discussed in Section 8.5.3).

Fo 1 1A O it o ot Mkt % o e 5 iAol 1
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For each result analysed, tn was calculated from,
tn = M
m

where M = mass capacity of the furnace
m = mass feed rate to the furnace.

For each experiment m was known. The mass capacity of the
furnaces up to the stockline was calculated to be 1 015
tonnes. This calculation is ¢given in Appendix C. Due to
the large number of assumptions made in calculation of M,
it was not possible to estimate the error in the value of
1 015 tonnes, and this could only be considered to give
an order of magnitude value. Consequently the values
calculated for tn could conly be considered to be order of
magnitude values. The valucs of ta and tn are given in
Table 16.

Comparison of these values showed that in each case

£a was smaller than tn.

Mean residence time
Experiment

Numbe r . -
Measured, ta Theoretical, tn

§ (M11 - 48 MvA) 25,46 hours 37,9 hours

2 (MI10 - 48 MVA) 20,15 hours 37,3 hcurs

6 (M1 ~ 75 MVA) 13,76 hours 29,7 hours
Table 16. Measured and theoretically calculated

mean residence times

For experiment 6 (furnace M1l -~ 75 MVA) this was partly
because tn had been calculated for up to the stockline
while ta had been mecasured from bheneath an ele.trode tip.
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For the remaining two experiments the larger values
for tn compared to ta confirm the existence of a stagnant
or inactive zone within the furnace volume.

8.4.2. The variance, g2

This parameter measured the extent of the deviation
from either of perfectly mixed flow or plug flow. For
perfectly mixed flow ¢? = 1 whilst for plug flow o2 = 0.

The relatively small value of 0,0914 obtained for o2
in experiment 4 (furnace Mli - 48 MVA) showed that flow
of the radio-tracer input through the furnace in this
experiment was substantially plug flow in character.

For experiment 1 (furnace M10O -~ 48 MVA) and experiment 6
(furnace M1l - 75 MVA) the increase in the values of o2
of 0,2930 and 0,5354 respectively showed that the flow
of the radio~tracer inputs through the furnace for these
experiments was tending more and more towards perfectly
mixed flow. In experiment 6 the radio-tracer was
introduced directly into the C.5.7T.R. reglion and hence
02 should be very close to unity.

The smaller value obtained for ¢? was probably due
to truncation of the tall of the residence time
distributiois. rather than due to deviation from
perfectly mixed flow.

Consideration of the parameter o? ghowed that the
regidence time distributions measured could not be
described by either of the idealized flow patterns.
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8.5, Description of residence time distributions by
means of a theoretical model

8.5.1. Introduction

Examination of Figures 18 to 33 showed that the
experimentally measured residence time distributions
closely conforined to the theoretically computed residence
time distributions. This indicated that the actual flow
structure in the furnaces had many of the specific
features included in the theoretical model. This was
particularly well illustrated by experiment 6 on furnace
M11 with 75 MVA transformers. In this experiment the
radio-~tracer was directly introduced into the furnace
gone reprecented in the model by a €.S5.T.R. The
theoretically computed residence time distribution for
this experiment closely conformed te the experimentally
measured residence time distribution., This indicated
that the zone beneath the electrcde tips was correctly
described by a C.5.T.R. Consequently it was assumed
that the zone above the electrode tips was correctly
described by the dispersed plug flow region.

Although an alternative composite model was developed
to account for flow through the furnaces it was not
possaible to use this model to predict the residence time
distribution. This was due to the limited time availlable
for the investigation. However consideration of thre
physical structure of the furnace indicated that the
alternative model prcbably did not as closely resemble
the actual flow mechanism in the furnace as did the model
used in this investigation. During the experimental
campaign four groups of three samples each were taken at
one of the alloy tappings. The variation in the relative
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activity between these four groups of samples was very
slight and of a random nature. This indicated that the
alloy poel was well-mixed and accurately described by

the C.S.T.R, model used in the analysis of the results.

8,5.,2. Sensitivity of model parameters to regrescsion
analysis

The dispersion number D was probably insensitive to
regression analysis due to the low precision and limited
extent of the experimental data. This difficulty showed
up as a computer precision problem resulting in
generation of numbers beyond the dimensional limits of
the compuater. In the analysis two initial values of D,
namely 0,001 and 0,01 were considered for each result.

When initial values of D = 0,01 were used the computer
program did regress on D and in most cases the f£inal
values obtained for D were less than 0,01. In general the
solutions obtained for each value of D were independent
of the initial values of the other model parameters.
However in isolated cases very poor solutions were
obtained with an initial value of D = (,001. Due to the
problem, solutions obtained with the initial value
D= 0,01 were generally better than those obtained with
the initial value D = 0,001.

When reasonable solutions were obtalned for both
initial values of D the final values obtained for the
parameters € and Vinv differed by about 10 per cent.
Since the computed residence time distributions closely
reproduced the experimentally measured results, 1t was
concluded that the problem in regression on D did not
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adversely affect the analysis. However it was not
possible to attach any significance to the value of D
other than to conclude that the degree of dispersion
in the dispersed plug flow region was small.

During regression analycis of residense time
distributions truncated immediately beyond the peak,
unacceptably high final values of Vinv were obtained.
This did not reflect a failing in the model. The
information concerning the perfectly mixed region of the
furnace 1s contained in the exponential decay portion of
the curve. When that portion of the curve is missing no
information concerning Vinv is obtalned. This is shown
by unacceptably high values of Vinv. Provided a
gufficient portiocn of the decay portion of the residence
time distribution was measured this problem did not
occur and values obtained for Vinv were considered to be

meaningful.

8.5.3. Analysis of model parametexs

Only the model parameters £ and Vinv were considered in
this analysis. As the model parameter Co was a linear
scale factor representing the initial concentration it was
not considered important and so was not analysed.

It was not possible to perform statistical, guantitative,
analysis due to the limited number of experiments performed
and the large number of variables subject to change during
experimentation., Graphical correlations between £ and Vinv
were considered but no simple correlations were obtained,

P
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Qualitative analysis of the values of £ and vinv was
performed. This analysis involved the use of theoretical
conglderations to explain the values obtained for the
parameters under the particular conditions of operation
at each experiment.

8.5.4, Effect of position of radio-tracer input on

e e BEAN LGS Ldence times,

1l radio-tracer inputs were made to the active zone
of the furnace. At the stockline level this active zone
is in the form of a "clover leaf" (refer Figure 1)
surrounding the electrodes and the burden descends rapidly .
in this region. The balance of the furnace volume is !
effectively stagnant and little smelting is carried out in l
this volume., Since only a limited number of experiments H
could be performed, inputs of radio-tracer were restricted
to the active zone to obtain the maximum amount of
information about the region in which smelting took place.

Y T

In the model of flow through the furnace two flow
regions are considered. In the upper region of the furnace,
the burden is predominantly solid and dispersed plug flow
occurs. In the region bencath the electrode tips the
burden is molten and mixed flow occurs in the slag and
alloy layers. It is important to consider the influence
of the position of radio-tracer input on the values of the
mean residence times obtained from the model for these two
regions of flow.

The mean residence time within the C.S.T.R. region of
the furnace, tinv, may be calculated from the furnace
inventory volume, Vinv, as follows:-
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tiny = M;nv

wvhere Minv = inventory mass of alloy
m m alloy mass discharge rate.

For each experiment m was calculated from the average alloy
mass tapped per alloy tapping and the average time lapse
between each alloy tapping (refer Table 9). Minv was
calculated from the alloy inventory volume, Vinv, and the
extrapolated alloy density at the tapping temperature
taken to be 6,65 tonnes/m3,73

Each of the flow regions in the furnace will be
considered in turn.

.

8.5.4.1. TIhe.digperscd plud flow region of the furpnace

o e o ot et ] |

In the dispersed p' .g flow region, the mean residence
times for inputs of radio-tracer to the inactive zone will
be significantly larger than the mean residence times for
inputs of radio~tracer to the active furnace zone. In
this investigation this marked variation in the values of
mean residence times was not observed since all inputs of
radio-tracer were made to the active zone of the furnace.

Provided the input of radio-tracer is made to the
active zone, the radial position of this input relative
to the electrode, and the position of the electrode
relative to the alloy tapping hole should not significantly
influence the inean residence time within the dispersed
plug flow region of the furnace. Thia assumes relatively '
homogeneous flow within the dispersed plug flow region of 1
the active zone.
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Inputs of radio~tracer to the dispersed plug flow

region of the active zone wero made at two levels. These

two levels were the stockline level (i.e., charging
shafts and "burden valley") and the level of the furnace
bunker. For inputs at the stockline level mean
residence times should be smaller than for inputs at the
level of the furnace bunkers.

Analysis of the multi-input experiments confirmed
that burden descent is relatively uniform around a
particular electrode. The experiments were number 3, ¢,
and 5 on furnace M1l with 75 MVA transiormers. In each
of these multi-input experiments, four radio-tracer
inputs were equally disposed around one particular
electrode. Analysis of each of these experiments showed
that the descent of the burden arcund each electrode was
relatively uniferm and that the mean residence times for
the four inputs in each experiment were best described
by a single value.

Tables 17 and 18 give the values for the mean
residence time and relative positlon of radio-tracer
input for inputs at stockline level and to the furnace

bunkers respectively., Three input positions are considered

relative to the alloy tapping hole. For both furnaces
elactrode I is the closest electrode to the alloy tapping
hole. The central charging shaft is the next closest

input position to the alloy tappiny hole for both furnaces,

For both furnaces electrodes II and III are considered to

be equidistant from the allouy tapping hole and are positions

of input most remote from the tapping hole,

Tables 17 and 18 respectively provide no statistical
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EXPERIMENT RAW MATERIAL FURNAGE t tinv

POSITION OF (HPUT NUMBER FURNACE FEEDRATE t/h LOAD MW | HOURS | HOURS
CLOSEST TO ALLOY TAPPING HOLE

Electrode 17 6 HIT (75 MVA) 34,12 R . 9,9

Electrods T 2 HIT (48 MVA) 1h,69 18 28,5 16,7

Elactrode I 4 Mi1 (48 wvA) 26,80 26 18,4 6,8

Flectrods 1 5 M1l (kB MVA) 25,95 26 13,4 20,9

Electrode I* k HIY (75 MVA) 33,48 30,5 18,8 10,3
FARTHEST FROM ALLOY TAPPING HOLE

Electrode Il 3 MIT (k8 HVA) 27,33 26 1,8 13,2

Electrode 11* 3 HIL (75 HVA) 24,03 24,9 22,3 24,0

flectrode 111" 5 KU1 (75 MVA) 30,24 29,2 1t.3 17,9

Electrade 11D 1 M1 (W8 W A) 25,84 25 29,8 1,1

Elactrode 11X 6 M1t (A8 MVA) 28,82 26 13,4 16,9

Al alectrodas*” 5 HI0 (48 MvA) 26,80 22,6 19,9 -

Table 17,

t

* Four Innuts.

%A Twalvy Inputs.

tnput dlirectly to C.$.T.Kk, baneath alectrode tip,

Valuar far the masn residence times In the dispersed plug flow reglon (t) and the

C.8.T R. region (tinv) of the furnaces for inputs at stockline level and beneath

the slectrods 11ps to the active furnace xone,
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CUCETLIN b ol IR el e g
CLOSEST TD ALLOY TAPPING HOLE
Closest ¢ Clectrrde I 2 H10 (W8 HVA) 27,19 25 13,1 b1
(c«\nm! tharglng h M10 (kB MVA) 22,17 20 72,2 -
Shaft K11 {75 HVA) 32,83 32,8 15,9 -
FARTHEST FROM ALLOY TAPPING HOLE
Farthest (Elu:tradc 1431 3 HIO (A8 HVA) 29,35 26 15,1 22,2
Elwctrode 11 1 MIO (A8 nva) 27,85 26 13,8 17,8
Table I8, Velues for the megn residence times In the disperied plug flow reglon (t) and the

C.8.T.X, region (tinv) of the furnaces for Inputs to the furnace bunkars feading

the active furnace rons,
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evidence that the position of radio-tracer input relative
to the alloy tapping hole influences the value of t. 1In
one multi-input experiment, experiment 5 on furnace M10
with 48 MVA transformers, 12 radio-tracer inputs were
equally disposed around the electrodes (four iaputs per
electrode). Analysis of this experiment showed that
burden descent within the active zone was guite uniform
and that the mean residence times of these inputs were
best described by a single value. Consequently it may
be concluded that values obtained for t during the
experimental campaign were determined by the conditions
of operation and not the position of radio-tracer input
relative to the alloy tapping hole.

3

Ccomparison of the values for £ given in Tables 17 and
18 did not show that values obtained for inputs to the
furnace bunkers were larger than inputs at stockline level.
On the bhasis of this comparison the average vulues
obtained for inpuis to the furnace bunkers were smaller
than for inputs at stockline level. This contradictory
result could only be attributed to the over-riding
influence of furnace operation conditions on the values of
t. since all experiments in Takble 17 except one, were
performed on furnace M11 and all experiments in Table 18

except one, were performed on furnace M10, this contradictory

result alsco illustrated that comparisons between two
different furnaces are not valid. In calculating the
average values of t for these two types of experiments
the value of € = 72,2 hours obtained for experiment 4 on
furnace M10 with 48 MVA transformers was not considered.
This was because it is believed that this unusually high
value was due to temporary stoppage of the radio-tracer
input in the feed chute feeding from the furnace bunker to
the charging shaft.

J P Sy U S U
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TIn analysis of the influence of operating conditions
on the valves obtained for t, the influence of the level
of radio-tracer input was eliminated by considering each
type of experiment independently.

8-5.4-20 e S - i Of } < a

It is possible that either one continuous alloy pool
exists beneath the electrode tips, or the alloy pool is
divided into several discrete pools. However observations
of variations in the positions of the electrodes
immediately <fter alloy tappings indicate that the alloy
pool is usually continuous.

If one alloy pool exists in the hearth region of the
furnace and this pool can be represented by a C.S.T.R.,
the position of radio-tracer input, ilrrespective of
whether this is to the active or the inactive furnace
zone, has no influence on tinv. Analysis of experimental
results has confirmed that it is valid to represent the
slloy pool by a C.S.T.R. Comparison of the values for
tinv in Tables 17 and 18 provides no statistical evidence
that the positions of radio-tracer input influence the
values of tinv. Consequently variations in values obtained
for tinv during the experimental campaign must be
attributed to the influence of furnace operating conditions.

Foi abnormal furnace operating conditior the continuous
alloy poel in the furnace hearth may be ' .en down into
several alloy pools. This could well oc.ur when an
electrode breaks and operation is continued with a very ‘
short electrode stubb. Under these circumstances €inv

e e
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would depend on the position of radio-tracer input. Since
essentially normal operating conditions prevailed during
most runs of the experimental campailgn no apparent
influence of the position of radio-tracer input on the
value of tinv was observed.

8.5.5. Influence of operating conditions on mean residence
time in dispersed plug flow redionp

The rignificance of the model parameter £ is that it
provides an estimate of the time spent by a burden element
in the region above the electrode tips where the burden is
predominantly solid. There are several factors which may
influence the velue of € within the dispersed plug flow
region ©f the active zone.

The mass throughput of the furnace is one of these
factors. The raw material feedrate to the furnace is a
measure of mass throughput. The mass throughput to the
furnace may be changed by a change in either, or both, the
horizontal, cross-sectional area of the active zone, or the
rate of burden descent through the furnace. In general
thi hange is achieved by a change in the heat input to
the furnace or by a change in the distribution of heat
through the furnace.

From Westly's principle of heat distribution, heat
ia available for pre-heating the burden and heat is
available for reduction.®7s 3% (Refer Section 4.1).
The relative amounts of heat available for these processes
are determined by the heat distribution factor K. The
smaller the value of K the more heat avallable for
reduction and the less heat available for pre-heating the

A T e
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burcen. There is an optimum value of K for smooth furnace
opecsation and significant deviation from this value
resulty in erratic furnace operation.

Reduction occurs primarily in the wvicinity of the
electrode tips, so that as the amount of heat available
for reduction changes, the bulld-up of accretions on the
furnace wall may be influenced. This occurs if the change
in heat available for reduction changes the configuration
of the isothermal surfaces emanating from the electrode
tips. A change in the build-up of accretions on the
furnace wall will result ian a change in the horizontal,
cross-sectional dimensions of the active zones since these
accretions ¢give rise to the active zone.

Alternatively a change in heat available for reduction
may influence the rate of burden descent through the
active zone. Either, or both of these changes will occur
with a change in heat available for reduction and both of
these changes will result in a change in mass throughput
of the furnace.

When these changes have opposing influences on mass
throughput (e.¢g., increase in rate of burde:. descent and
decrease in the horizonal, cross-sectional dimensions of
the active zone), the predominant change will determine
the change in mass throughput of the furnace. The value
of £ will only change with a change in mass throughput of
the furnace, if this change is determined by a change in
the rate of burden descent through the furnace. This
statement implies that a change in heat avallable for
reduction does not influence the vertical length of the
dispersed pluy flow region of the active zone. F ' the
purpose of the analysis this was assumed to be the car~.

N n——————n e s
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Consequently in the analysis ¢f the values obtailned
for £, changes in t between experiments were compared
on the basis of changes in the feedrate of the raw
materials between the same experiments. On the basis
of this comparison and the above discussion the mechanism
whereby mass throughput of the furnace changed from
experiment to experiment was de termined.

The heat available for reduction will change if
either the total heat input to the furnace is changed
and/or the value of K is changed. Since only small
deviations of K from its optimum value may be tolerated
for stable furnace operation the heat available for
reduction 18 usually changed by altering the total
hext input to the furnace., A measure of the total heat
input to the furnace is the furnace load.

Consequently in the analysis, changes in raw material
feed rate were compared to changes in furnace load.,
Where corresponding changcs were observed to occur, it was
conclyded that a change in mass throughput of the furnace
was a consequence of a change in the heat available for
reduction arising from a change in total heat input to
the furnace. Where changes observed did not correspond
1t was concluded that a change in mass throughput was a
result of a change in K or was due to the influence of
factors other than heat available for reduction.

The value of £ within +the dispersed plug flow region
of the active zone is dependent on the depth of electrode
penetration and probably also on the rate of alloy
discharge from the furnace. The influence of these
factors was ignored in the analysis.

g S




88

The influence of the level of radio-tracer input
above the furnace hearth was taken into account by
comparing experiments in which the radio-tracer inputs
were made at the same vertical level above the furnace
hearth.

On the basis of these considerations the values
obtained for t were analysed. It must be emphasized
that this analysis hinged on the assumption that the mass
throughput of the furnace was determined by the total
heat input to cthe furnace, and, the distribution of this
heat through the furnace. This assumption, together with
the concepts developed to describe how heat influenced
the mass throughput of the furnace, may not be true.

However thelr use dia make it possible to attempt to
reconcile the changes observed in operating conditions
with changes in the mean residence time, E. Assessment
of the validity of this treatment was beyond the scope of
the investigation. As before, due to the lack of a
sufficient number of experiments of each type, it was
difficult to determine whether trends observed were a
consequence of the mechanism of burden descenrt, or, were
due to experimental or operational variations which were
not taken into account. Consequently this analysis
served primarily to illustrate how these concepts could
be applied in the analysis of a sufficiently large
number of experiments of the same type.
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Radigo-tracer inputs to charging shafts

The values for the raw material feedrate, the mean

residence time, and the furnace load for these experiments
are ¢given in Table 19 ir order of decreasing raw material

feedrate.

Examination of these values showed that three

groups could be identifled as shown in the table.

For group A, raw material feedrate a-~d furnace lcad

were high,

and mean residence time was small. With the

exception of experiment 4, furnace M1l (48 MVA), as the

raw material feedrate decreased,

became smaller and the furnace load either decreased or
remained constant. This indicated the following:-

(i)

(ii)

(iii)

(iv)

Decreased material throughput was due to a decrease

in the cross-sectional dimension of the active zone,

Although the decrease in active zone dimension was
accompanied by an increase in rate of burden descent,
this increas: was insufficient to prevent a decrease

in material throughput,

Where & decrease in furnace load occurred, these
changes were largely due to a decrease in the total
heat input to the furnace., Where furnace load
remained ccastant, these changes were duc to a

change in heat distribution through the furnace,

For experiment &4, furnace M1l (48 MVA) the decreased
material throughput was due to a decrease in both
cropg~-sectional dimensior of the active zone, and
rate of burden descent. The rate of burden deacent
for this ecxperiment was lower than for all other
experinents in this group except for experiment &,
furnace MI1 (75 MVA),

the mean residence time

PSS
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EXPERIMINT RAW MATERIAL HEAN RESIDENCE FURNACE
GRoup FURKACE NUMBER FEEORATE t/h TIME HOURS LOAD HW
A M1t (75 MVA) & 33,48 18,8 30,5
K11 (75 HVA) 5 30,24 16,3 29,2
M1 (48 MvA) 6 28,82 13,4 26
Mit {48 MVA) 3 27,33 11,9 26
Ml (48 MvA) ) 26,80 18,4 26
» M10 (48 KVA) 5 26,80 19,9 22,6
K11 (48 MvA) 5 25,95 13,4 26
¢ H11 (A8 MVA) | 25,84 29,8 2%
N1 (75 RVA) 3 2k,03 22,3 24,9
Ril (A8 MvA) 2 14,69 28,5 18
Table 19, Valuas for relevant operating parameters and wean residence time In ordes of decrsasing

raw matertal feedrate for wxperiments with redio-tracer inputs to charging shafts
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1T7he experiments in group B were isolated since they
were intermediate bhetween groups A and C. Furthermore
the result for experiment 5, furnace M10 (48 Mva),
appeared anomalous in that although the furnace load
was low, the raw material feedrate was relatively high.
In addition the mean residence time was large indicating
8 low rate of burden descent. This illustrated the fact
that recults for the two furnaces, M10 and M1ll, could
not be compared duc to inherent differcnces in operation
of the furnaces. These differences probably arose due
to different techniques of commissioning the furnaces and
because M10 was much older than M1l. For the other
experiment in this group, experiment 5, furnace Mll
(48 MVA), comparison with group A experiments revealed:-

(i) This experiment was very similar Lo experiment 6,
furnace M1l (48 MVA), in that the mean residence
time and furnace load for these experiments were

the same.

(ii) The lower material throughput for exgeriment 5,
furnace M11 (48 MVA), in comparison to experiment 6,
furnace M1l (48 MVA), was duc to a decrease in the
cross-sectional active zone dimension as & conscquence
of a change in heat distribution through the furnace.
In experimant 5, furaace M1l (48 MVA) the radio-tracer
was introduced at a lower level into the "burden
valley". This may partially cxplain obtaining the
same value of t as in experiment 6, furnace Mil
(48 MVA).

For group C, raw material feedratc and furnace load
were low, and mean residence time was large. For these
experiments the following was obscrved:-

e St il S i .
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(i) Decreased material throughput was due to a decrease
in cross-sectional dimension of the active zone

arising as a consequence of decreased total heat input,

(ii) Between expcriments 1, furnace M1l (48 MVA), and 3,
furnace M1l (75 MVA), and betwcen experiments 1,
furnace M1l (48 MVA), and 2, furnace M11 (48 MVA),
decrease in active zone dimension was accompanied by
an increase in rate of burden descent. This was
particularly pronounced between experiment 1,
furnace M11 (48 MVA), and experiment 3, furnace
Mi1 (i5 MVA). However the increased rate of burden
descent was insufficient to neutralize the influence
of the decrease in the size of the active zone,
Between experiment 3, furnace M1l (75 MVA), and
experiment 2, furnace M1l (48 MVA) the rate of
burden descent decreased, contributing to the

decrease in mass throughput of the furnace.

Comparing group C experiments to *he balance of these
experiments otner than experiment 5, furnace M10 (48 MVA),
showed : -

(i) Deccreased material thrcughput was accompanied by

& decrease in rate of burden descent,

(ii) Decreased rate of burden descent was a consequence

of 8 ducrcase in total heat input to the furnace.

8.5.5.2. Radie-ftracer ilnpuits Lo furnace bupkers

The values for the raw material feedrate, the furnace
load, and the mean residence time for these experiments
are given in Table 20.

P m———r———ce
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EXPERIMENT| RAW MATERIAL | MEAN RESIDENCE | FURNACE

FURNACE NUMBER | FEEDRATE t/h | TIME HOURS | LOAD MW
M1 (75 MVA) 1 32,43 15,9 32,8
M0 (48 MVA) 3 29,95 15,1 26
M10 (48 MVA) ] 27,85 13,8 26
M10 (48 MVA) 2 27,19 13,1 25
Mi0 (48 MVA) L 22,17 72,2 20
Table 20, Values for relevant operating paramceters and mean

residence time in order of decreasing raw
material feedrate for experiments with radio-
tracer inputs to feed bunkers

Consider the experiments 1, 2 and 3 on furnace M10
(48 MVA). Here the decreased material throughput for
the experiments was due to a decrcase in the cross-
sectional dimension of the active zone. Ietween
experiment 2 and the remaining experiments the decrease
in active zone size was due to a decrease in total heat
input. Between experiments 1 and 3 this was due to a
change in heat distribution through the furnace. In each
case the change in active zone size was accompanied by ar
increase in rate of burden descent, but this influence
was negated by the decrease in the size of the active zone,

Comparison of these three experiments with experiment 4
on furnace M10 (48 MVA) showed that the decreased material
throughput for this experiment was a conscquence of a
decrease in rate of burden descent due to a decrease in
total heat input to the furnace. The unusually large
value of £ for experiment 4, furnace M10 (48 MVA), was
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probably partly due to hold~up of the radio-tracer input
within the feed chute.

. v T

Experiment 1, furnace M1l (75 MVA), was not compared
to the other experiment of this type as it was the only
experiment on furnace Ml1l.

It must be emphasized that the conclusions made with
regard to the influence of furnace operation on t are
rot based on any factual evidence. The above treatment
represents an opinion as to how conditions of operation
of the furnace could have caused the observed variation
in t.

8.5.6, The alloy inventory volume in the furnace hearth
and the mean residence time in the C.S.7.R.
region of the furnace

The model parameter Vinv provided an estimate of the
alloy volume within the furnace which behaved as a C.S,T.R.
for eacl experiment. The mean residence time in the
C.8.7.R. region of the furnace, tinv, was caiculated from
vinv and the average alloy aischar¢ ate for each

axperinent.

The values of these parameters are given in Tables 21
and 22 respectively. Comparisons between the two furnaces
were not. considered due to the inhecrent differences in
their behaviour caused by differences in age and the
commissioning procedure of the furnaces.

Examination of Table 21 and 22 showed thuat the values of
tinv and vinv for experiment 4 on furnac M1l with 48 MVA
transformers and experiment 2 on furnace M10 with 48 MVA
transformers were substantially smaller than the values




RAT!10: ~
ALLOY DISCHARGE
| EXPERIMENT FURNACE | RAW HATERIAL | ALLOY D1SCHARGE . -
GROUP I ™" \uneeR FURNACE 11 0AD MW | FEEDRATE t/h | RATE t/tapping Vinv | tinv
RAW FEED
A 2 M1} (4B MvA) 8 14,69 25,15 1,7 10,0 | 16,7
3 M1l {75 MVA) 24,9 24,03 32,64 i,h8 34,1 (24,0
'} 1 H11 (b8 HvA) 25 25,84 24,72 0,96 12,5 {11,
3 MIE (kB HVA) 26 27,33 24,97 0,91 15,5 | 13,2
A K1l (48 HvA) 26 26,80 25,83 0,96 8,3 6,8
5 MI1 (48 MvA) 26 25,95 23,44 0,90 21,0 {20,9
6 M1t (48 MVA) 26 28,82 26,71 0,83 19,4 |16,9
¢ & MI1 (75 HVA) 30,5 33,48 28,17 0,84 15,3 [10,3
s 211 {75 HvA) 23,2 30,24 24,73 0,82 22,0 [17,9
6 M1l (75 HvA) 31,4 34,12 30,43 0,89 15,4 | 9,9
i M1 (75 MvA) 32,8 32,43 - - Iz&.s -
Table 21.. Values of the model parameters Vinv and tinv and relavant operating parameters for

experiments on furnace Ml
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KATIO:~
ALLOY DISCHARGE

EXPERIMENT " FURNACE RAW MATERIAL | ALLOY DISCHARGE -
NUHBER FURNACE | L0AD MW | FEEDRATE t/h | RATE t/tapping Vinv | tinv
RAW FEED
1 MI0 (4B HvA) 26 27,85 25,34 0,91 20,81 17,8
2 H10 (48 MVA) 25 27,19 23,42 0,86 4,5 4,
3 MI0 {48 HVA) 26 29,95 23,74 0,79 2h,0 | 22,2
(1 H10 (48 MVA) 22,6 26,80 - - 16,0 -
Table .2, Values of the model parameters Vinv and tinv and relevant opsrating parameters for

oxpariments oa furnace K10
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obtained for the remainder of experiments on the furnaces.
This could have been because the alloy bath consisted of
several discrete pools during these experiments. For the
balance of experiments on both furnaces it was assumed
that one continuous pool existed in the furnace hearth.

Theoretically there are several operational factors
which will influence the alloy inventory volume within

the furnace.

The alloy inventory volume will be influenced by the
relative amount of heat dissipated from the electrode
tips. If the amount of heat dissipated is increased the
formation of accretion on the furnace walls and the
hearth floor is decreased and the size of the alloy pool

is increased.

The relative values of the raw material feedrate and
alloy discharge rate will also influence the voluma of
the continuous alloy poel. As the rate of alleoy discharge
is8 increcased relative to the raw material feedrate the
volume of the alloy pool is decreased.

The experiments on furnace M1l were classified into
three groups on the basis of similar furnace loads, raw
material feedrates, alloy discharge rates and ratios of
alloy discharge rate to raw material feedrate.

Comparison of the values obtained for Vinv and Einv
for experiments within each group and between each group
failed to reveal any of the expected trends outlined above.

values for Vinv for experiments 3, 4, 5 and 6 on
furnace M1l with 48 MVA transformers were discussed on a
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similar basis to the analysis used to explain changes
observed in E, the mean residencce time in the dispersed plug
flow region of the furnace. In analysis of the changes
observed in t for these experiments it was assumed that the
heat dissipated from the electrods tips, and hence the active
zone cross-sectional dimensions, decreased from experiment 6
to 3 to 4 to 5, It would therefore be expected that the
values obtained for Vinv for these experiments should decrease
in a corresponding fashion. The values obtained for Vvinv for
experiments 6, 3, 4 and 5 respectively were 19,4 m?, 15,5 m3,
8,3 m3 and 21,0 m3. The value of 21,0 m3 obtained for
experiment 5 did not show the expected trend. The very small
value of 8,3 m? for experiment 4 was probably due to a
breakdown of the alloy bath into several pools.

Examination of the values of tinv and Vinv for experiments

on furnace M10, given in Table 22 alsoc failed to reveal any of
the expected trends.

3.5.7. The overall mean residence time in the furnage, tfce

The overall mean residence time in the furnace, tfce was
obtained from the sum of €inv and t. Values for €fce for
experiments on furnace Mll and M10 are given in Tables 23 and
24 respectively. Also given in these tables are the
theoretically calculated overall nomirizi mean residence times,
tn. The values for In were calculated from the mass capacity

of the furnace (refer Appendix E) and the raw material feedrate.

With the exception of experiment 4 on furnace M1l with 48
MVA transformers and experiment 2 on furnace M10 with 48 MvAa
transformers comparison of tfce and En for experiments on both
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EXPERIMENT

FURNACE

NUMBER FURNACE t tinv | tfce tn LOAD M
] MI1 (75 MVA) | 15,9 - - 3L3 32,8
6 M11 (75 MVA) - 99 - 29,7 31,4
b MI} (75 MVA) | 18,8 10,3 | 29,1 | 30,3 30,5
5 M1 (75 MVA) | 16,3 17,9 | 34,2 | 33,6 29,2
3 M1 (48 mvA) | 1),91 13,2 | 25,1 | 37,2 26
b M1t (48 MVA) | 18,4 6,8 | 25,2 | 37,9 26
6 M1l (48 MVA) | 13,4] 16,9 ] 30,3 | 35,3 26
5 M1l (48 MVA) | 13,4 20,9 | 34,3 | 39,1 26
1 MIT (48 MVA) | 29,8} 11,1} 40,9 | 39,3 25
3 M1V (75 MVA) | 22,7 2bL,0 | 46,3 | 42,3 24,9
2 Mi1 (48 MVA) | 28,51 16,7 | 45,2 | 69,1 18
Teble 23. Values of the predicted overall mean residence

time from the model, tfce, and the theoretically
cgalculated overall nominal mean residence time,

tn, for experiments on furnace Mii,
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EXPERIMENT

oy FURNACE

NUMBER FURNACE t tinv | tfce tn LOAD MW
| M10 (48 MVA) 13,8 17,81 31,6 | 36,4 26
3 MI10 (48 MVA) 15,1} 22,2} 37,3 33,9 26
MIO (48 MVA) } 13,1 kyv 17,2 4 37,3 25
5 ‘ M10 (48 MvA) 19,9 - - 37,9 22,6
4 (Mo (48 MvA) | 72,2 - - | 45,9 20
Table 24, values of the predicted overall mean residence

time from the model, tfce, and the theorctically
calculated overall nominal mean residence time,
tn for experiments on furnace M10,
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furnaces showed that tn was larger than £fce. This was to
be expected since in the calculation of In the existence of
stagnancy was not taken into account. The order of
magnitude values for tfce and tn were similar indicating that
the calculated mass capacity of the furnace was a realistic

figure.

For experimenils on furnace M10 it was expected that the
difference between Efce and En would be smaller than for
experiments on furnace Mll. In the experiments on furnace
M10, tfce represented the overall mean residence time from
the feed bunkers, In the experiments on furnace M1l and in
the calculation of tn for all experiments, {fce and tn
regpectively represented the overall mean residence time from
the stockline level. Conscquently for experiments on furnace
M10 an additional volume was considered in the estimation of
tfce and hence the values of Lfce were increased, The average
differences betwecn tfce and tn for experiments on furnace M11
and M10 confirmed this. (Values for experiment 4, furnace M1l -~
48 MVA, and expcriment 2, furnace M10 - 48 MVA, were not

considered).

Observation of the values of tfce and the furnace load for
experiments on furnace M1l indicated that, as expected, tfce
increased with decreasing furnace load.

8.5.8. @Slgnificance of analvsis of the model parameters

The lack of primary experimental data made it impossible
to carry out a statistical analysis of the model parameters.
Consequently an attempt was made to explain any observed
trends using a few theorctical concepta. The validity of
these explanations could not be determined.
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The aim of the discussion of the model parameters has
therefore been to outline fundamental concepts which may be
applied in extensive investigations using radio-tracers on
the mechanism of burden movement through submerged-arc
furnaces. Sufficient experimental data must be accumulated
to permit guantitative statistical analysis of the results.
Once sufilcient data are availlable, a critical assessment
will be possible of the -..ue of the comments on the
influecnce on burden movement of factors such as heat
distribution and raw material fecdrate.

8.6. FEuture Work

The logical extension of the radio-tracer study is:-

(i) FExtensive measurement of alloy and slag phase residence
time distributions for a particular furnace, or several
furnaces, using the experimental technique developed. A
long term investigation is required so as to accumulate
sufficient data to permit statistical analysie of the
residence time distributions obtained from the various
types of experiments, under the wide range of operating
conditions which prevail on these furnaces. Slag phase
residence time distribution measurement will require

selection of a suitable radio-tracer,

(ii) Extensive measurement of the residence time distributions
for the various carbonaceous reducing agents used on these
furnuces, An experimental technique would have to be
developed for measurement of these residence time
distributions, Anovher theoretical model would also have
to be developed to compute these experimentally determined

residence time distributions, The flow behaviour of
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carbonaceous reducing agents of the burden is not
the same as that of the slag and alloy forming
components of the burden due to the formation of

a coke bed and evolution of gaseuus products,

(iii) Use of the theoretical model developed in this
investigation to compute the experimentally
determined residence time distyibutions, By
statiatical analysis of model parawneters and furnace
operating pavameters it may be possible to determine
the influence of conditions of operation on burden
movement through submerged-arc furnacea. This
analysis may show whether the concepts developed for

qualitative analysis of model parameters were valid.

(iv) Development and use of alternative composite models
to determine whother the conclusions regarding flow
patterns based on the model used in this

investigation were unique.

The ultimate objective of this type of investigation
is to clearly define the mechanism of burden movement
through the submerged-arc furnace and to determine the
influence of operating conditions on burden movement
through the furnace. Provided this can be achieved the
efficiency of the furnace as a production unit may be
optimized,

If the isothermal surfaces within the furnace can be
delineated by means of temperature measurcments using
probes, a krowledge of the mechanism and rate of burden
movement through the furnace provides the means of
determining the time rate of change of environmental
conditions experienced by burden elements descending
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througlt the furnace. This information together with
experimentally determined kinetic data for reactions
occurring in the furnace may be used to obtain valuable
insight into the processes occurring within the furnace.
By delineating the isothermal surfaces within the
furnace it may be possible to measure the size of the
active zone.

o R MY 9.2
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9. CONCLUSTON

An experimental technigue based con the stimulus-
response technidre using & radio-tracer input as the
stimulus was successfully developed to measure residence
time distributions of the alloy phase for two industrial
submerged~arc furnaces producing high-carbon ferro-
manganese. The response was the level of radio-~

5Q
activity due to the radio-isotope Fe°9.

Due to the limiied time availlable for the investigation,
insufficient experiments were performed to permit a
statistical analysis of the results. The problem of
insufficient data was accentuated by trun~a’ion of many of
the experimental residence time distributions.

These truncation problems permitted single parameter
gnalysis of only three of the seventeen experimental
residence time distributions. Comparison of experimentally
measured mean residence times and calculated mean residence
times for these three experimunts verified the existence of
stagnant zones within the furnace volume. The varlance for
these three residence time distributions showed that burden
movement through the furnace could not be described by
elther of the two ldealized patterns of flow-plug flow and
mixed flow.

Using observations of the mode ot burden movement
through the furnave, a qualitative picture of the inner
structure of the submerged-arc furnace, and by examination
of the form of the experimentally measured residence time
distributions, a composite model was developed to describe
the mechanism of burden movement through the furnace. This |
composite model consisted of a dispersed plug flow region
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in the upper regions of the furnace feeding a constantly
gtirred tank reactor beneath the electrode tips. Non~
linear regression analysis of the equations developed
from the composite model permittéd selection of optimum
values of model parameters to give the computed residence
time distribution. For each residence time distribution
the computed result closely appreximated the experimentally
measured result for realistic values of the model
parameters and hence it was concluded that the composite
model was a valild representation of burden movemert
through the furnace.

The most important model parameters were the mean
residence time in the dispersed plug flow region, t, and
the alloy inventory volume in the constantly stirred tank
reacteor, Vinv. No correlations were found to exist
between these two paranecters and the furnace operating
parameters. This was probably due to insufficient
experimental data.

The mean residence time in the C.S5.T.R. region of the
furnace, f£inv, was calculated from Vinv. The values of
Vinv, tinv and £t were analysed qualitatively by considering
the influence of positions of radio-tracer inputs.

Although no conclusive trends emerged from thas analysis,
it was hypothesized trat provided the radio~tracer inputs
were made to the activ ~ 2 of the furnace, the only
significant influenc. ‘“tion would be the influence
on t of the level of rac arer input above the alloy
tapping hole.

An attempt was made to explain the changes in the
values of ¥, vinv and Tinv between experiments in terms of
changes in total heat input to the furnace, heat
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distribution through the furnace, raw material feed rate
and alloy discharge rate. Although this analysis did
not provide any statistically significant information,
this was probably due to the lack of sufficient

results and the complex influence of many variables on
the mechanism of burden movement.

The overall mean residence time of the furnace, tfce,
was obtained for each experiment by summation of £ and
tinv. Comparison of tfce and En, the overall nominal
meair residence time of the furnace showed that in general
tfce was smaller than tn. This confirmed that a portion
of the total furnace volume was stagnant.

A major contribution of this investigation was the
developmment of techniques for the measurement and analysis
of residence time distributions. An extensive investigation
must be undertaken in the future to prove or disprove
the concept of the mechanism of burden movement.
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APPENDIX . B. Computer optimization of parameters in
equations Lo describe residence time
distributions

‘The standard Law and Balley non-linear regression
technique72 with a convergence test was used to obtain
the optimum model pirameters. A subroutine subprogram
to perform the non-linear regression analysis, known
as LBREG, was available. This subprogram formed the
basis of the compu‘er program used. To perform the non-
linear regression aralysiec using LBREG two further
subprograms were regquired. These were:~

(i) A subroutine for the solution of & set of simultaneous
equations, Subprogram CQCRT was available for this

purpose,

(il) A subroutine to compute the sum of squarce and
coefficient matrix. Subprogram SOFSQ was written
for this purposs, On completion of Lhe regression
analysis SOFSQ was required to print out the predicted
values of the function being analysed, The subroutine

ANSWER was written for this purpose.

The calling of LBREG, and the input of data was achieved
through the main program, MAIN. One additional subroutine,

required by SOFSQ, was to calculate the error functlon.
Subroutine ERRINT was available for this purpose.

The total non-linear regression program configuration
i8 illustrated in Figure Rl.
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Lata output e MAIN ol b Data input
Subrout ine Subroutine
-  Data output
CQCRT LBREG
Subroutine Subroutine Data
S0FsSQ ] ANSWER output

y 1

Subrout ine
ERRINT

Figure B1. Total non-linear regression program
confliguration
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B.l. Subroutine S0FSQ

To £it a function Yy, = f(by,/ by .eu. xi), where
by,by ... are the parameters, for I pairs of values

(Yi,xi), the sum o squares SA is given by,

= v )2

o~

The coefficient matrix C has a typical term Cm,n where

This matrix has one more column than the number of rowe.
This column is given by:~-

I ayi
Cm = .E (Yimyi) " 3b
1= m

SOFSQ was developed to calculate:-

ti) Y; at each experimental point,
(ii) Y;-y, at each experimental point,

(iii) ayi at each experimental point for each parumeter bm'
abm
(iv) The sum of squarcs, SA.

(v) The coefficient matrix, C.
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B.lsl. 8ingle input expeciments

The equations used to describe the residence time diatributions
measured wearai=-

v;Cot { (t, 1J . ( 1 ]) .
C| ™ wemersmemmma— o [ e et B - o—
L Vo (e e 2h) T 2 (B1)
V. Cot t 1 t 1 v
i i ( i-1 i'l]
C, = (.rf pulilianais et ~ erf — e we—— } +C - 1 - i= 2 +es N {BZ)
L 2 viav (ti-ti_‘l) (25! ZVJ (2vBt 25] i ’( viav)

The four parameters in these equations were Co, €, D and Vinv, Derivatives
of equations (Bl) and (B2) with raspect to the parameters are:-

(a) Derivatlves with respect to Co

Co Is » Hnur‘ scaling factor, Therafore;

LT
o o (B3a)
x4
%o " % (B3b)

(b) Derlvatives with respect to £

For equation (81),

x; V\Cot a{ T } el ViCot T 1
e ad R enaanenasnme hues .3 5 4 EonrlC I ) # ] . b - -

®  2Vinv (tpeeg) #EL (2D 2D S RS ) i p i e e

Now 5—:‘—(“!(}&))} - % (up[-({(xJV}' ?-‘ggl)

s A et

Pt —— S ——————-.
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. .1{ E(t, 1 : z( (:1 1 ( ty \)
e P M- [ P Y 2/5_£2J

V1Cot VyCo
ot 2 Vinv (ty*to) " 2 Vinv {t1+tye)

oy G ViCot ty t) 12
Tharefore e = = . i e xp| == = el |}
€ 2vinv (ty+,) m’n":? 2Bt 2k

?
And —=(

Similarly for equation (B2),

f.i.. V;Co et & 1 cext by ....1..) . [, Ve, V.Cot 1 {
i 2vinv (&~ i) 20 2% MJ‘ 2/D aE Vinv| 2 Viav (ti-tm) /Dre?

t 12 ¢ 1 )2
t i - -i-;l - -, --:i:- o e
iy “’[ (zmc 2/ } by rexe [ 2/bt :vﬁ] ]’

{c) Derivatives with respect to D

For equation (81),
y V,Cot a[ ty 1 ? 1
" T viny (ereee) ol T ) T sl 7E))]
) (cl 1 } 2 ( t, 1 }
o 113 1 BanendiIE ncd B L Il 135 B Rty
1) 25t 2% /x 2Dt 2H
. - -t o- L) 1
od - tewel- ] - (- ()0

x V,Cot 2 {1 t) \I + 12 1
h e i “.t‘{ - oy AexP Bamderhy gy - l.xp -
W 2 Vinv (£ o) |/% 4DV 4iD3/2 285t 25 4D3/2

sl

)

(B4a)

{p4b)

(BSa)

T
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Similarly for equation (B2},

BS

Ovehann W

|'2 1 t ] t, 1)2]
— - — cexp| o] —— -
o 2 viav (ci-tm)lﬁ Wpif2  4pp¥/? ) J

DL 2

1 t,. t, . 1)? . v,
Wt ——— - --:-i-‘»-.l-- “KP - —i—-}- o g ) L] «——-———‘ ‘ 1 - -—-—‘ l
4D¥/2 4n¥/2 240t 24 ) Vinv

{d) Derivarives with respect

to Vinv

for ajuatlion (81),
w) C'l
Wiav - Viav

For squation (B2)

xﬁ v Cot

1 t. 1

invd (&=
Winv 2 Viev? (4ot )

\'4 oC,
+ 1«-1:-—,‘& "“‘L‘l*C».
Viav] iav A

t,
(nrf(-*lj - -arf(—l:% --j])
bt b 2 24

vx-l
! Vane?

For single input experiments aquation. {B.) 2o (B&} wore used in SOFSQ.

8.1.2., MHylti-input experirents

For these experiments
time distributions were;

the squations uvided to describe the residence

Cy = I €,k LI

ket

{BSb)

(Réa)

(B6L)

(87)
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m
C. = & Ci’k m < 4
. =1 ’3)

where C;,k and Ci,k were given by equations (Bl)
and (B2) respectively using the relevant values

of tk.

The derivatives ol these equations with respect

to the parameters are;

oy m Cy,k

3Co kf Co m <4 (B9a)
=1

a:i m Ci’k

o - E To m <4 (B9b)
k=1

oy oL,k

——— k=1, ....m m<H4 (B1o=a)

otk atk

I, A,k

—— e k=1, c..omy m<d (B1ODb)

otk otk

where equations (Bd4a) and (B4b) give the values for

3C; ,k ac, ,k
- and ——
atk otk

values of tk,

respectively using the relevant

3C1 m BCI sK

5 5 Tip m <4 (Blla)
k=)

SCi m a:i,k

B - kfl 5] m <4 (B11b)
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B7

acl’k wi,k
where values of T and 55 are given by equations

(B5a) and (BSb) respectively using the relevant values
of tk.

Yol m Cp,k

Winv kﬁl "~ Vinv m < 4 (B12a)
QCi m BCi,k
Winv - L Thav m < 4 (B12b)
k=1
where values of muhv are given by equation (Bé6b)

using the relevant values of £k, Fguctions
(B7) to (Bl12) were used to calculate the values
reguired by S50FSQ and for multi-input experiments.

B.1.3. Single input experiments to beneath
eloctrole 1.ips

1 = VLirciv (B13)
v,
= S b §
¢ = Ga Vian (B14)

The derivatives of these equations with respect to

the parameters are;

aC,y 1

Co = Vinv (Bl5a)
aC, aC, V.

U e 8 [ S Tt & (B15b)

aCo 3Co 1 Vinv
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)y Co

Vinv = Vinv? (Bl6a)
ac, c, [ V.. .

e B R B o S
oVinv  3Vinv Vinv L-1yiny? (B16b)

Fguations (Bl3) to (Bl6) were usoed in the calculations
performed by SOFSQ for these experiments.

For each of the three types of experiments duescribed

above a different variation of SOFSQ was used. However,
in each case SOFSQ perfecrmed the same functions, namely:;

(i) To return values for the sum of squares and

cocfficient mateix when called by LBREG to do so.

(i1) To call the subroutine ANSWER when regression

analysis was complete,

& e nee pwene
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B,2. Main program MAIN

The purposes of this program were for the input of

data and for the calling of LBREG. The input of the

following data was achieved via MAIN for all applications

of the computer program;

(i)

(ii)

(iii)

(iv)

{(v)

(vi)

(vii)

The number of experimental points.

At each experimental point;

(a) Time lapse after radio-tracer input.
{(b) The corrected counts rccorded.
(c) The mass tapped. This was used to calculate

the volume tapped (Vj).

The time lapse between the tapping immediately

prior to radio-tracer inpul and radio-tracer

input (L)),
The maximum iicvrations to be performed by LBREG
for cach set of initial parameter values.

The pumber of sets of initial parameter values

to be regressed upon,

For multi-input experiments the number of t's

to be considered. (To o maximum of 4).

The values of the initial parameters in each

get of initial parameter valucs.

In experiments where the measured residence time

distributions were truncated at the start of the
distribution additional data input via MAIN was the
times of tappings at which no counts were avallable

L)

b ] i— a—— e e
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1 the volumes tapped at these tappings. The computcer
program was then used to predict the counts at thesc

points.,

In addition to performing an input function and
calling LBREC, MAIN was used for the output of the
final parameter values obtained for each set of initial

values.,

A copry nf the actual computer program follows,

A . c—
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CatIPg)an,

DO 7UU 1r2=l, iRl

PeSAPTIFL)

P3aSIRT(R( 1)}
Punla/{6adSCRT(REI)*PIIRGLI3)))
PS*)a/7(F o PI*{R{I+IR)422))
Pb“‘ln/((.‘r}’

CALL ERhIAT(D&,R0,CC}

DC L Ix14N

ALCT) =TI 07(240P3%B{341R2})4PY
CALL tRRINTOALEDY MILT ), 000000
DDLUV sD{1 )/ Cut"

ALULEe LU *PELD N/ La®B2))
CALT ) w{T{])*Pa)/E(3+102)

BRIV {24/P ISP e=0 2L 1))

DLty mla(CLIT)/IRLL2)))
DHDIWWITI/ZIRE2) %)
CILLIIm{{TL LN/ (2. 9P 3IVDR{3¢IR2))IePE) v 42
B3} =Exp{~C1(11)

Mxjf=]

IFIH} 1Jdu,1004101

VRELL ) ot tI =00 2 A2 {1} #8(3+IR2;}/7(T(11470)
CatllnCall)evrT(Y)

GO TU lud

TFid=Ne4) 141,103

VRO R =00 T 2-01 0 )R {1 Inn{3+ R I/ (T(1)=TINI})
VRT (L bewh t{T)avRT(M])a02(¥)
CaflleCatlienaTily

GUY TJ 333

1F{l-t ) 1s+14103

163 vAL()sFEL)=Lal))

i
2

ICI

10%

GO Y2 1}

LCHTl i

TF{MATEX) 3,3,2

D3 & Pl

M j=|

TH{%) 104,104,303

AlleJddeal iy JioveY g1 PL))

ALARIRZ  JIw=(PoRT (1P JI RS I*RED¢IR2))IZ7ET(IITQ) VAT I 71 2)
2EdIe (O 20 0)*BIVIIAAZE I I+IR2 )/ LTI} &TQ)

Al3pJ)oRl sy J) 20 )= A2{J) o {30l R2IMPAMEXP{~L /A, IB(INNI/UTLIICTOII L2, /R2)
AlZad) AL =\RTLJ)IZIP{2}

6N TJ 4

AC aJd) ALl o )40 UPL L) =Pl IME)RA2CU)mp(30IRZIZ(BLLIN(TLII=T(ME))
AU e {AZUII PO INIR2)ZUT U ~T UM e IpRa(T{M)epa()=T{J}*BI(J)])
ALIHIR2yJIsAMIIISR2 LI RUBIAI) =B LN IZ (T (Jh=TUMII*AL24M)DL(N])
Caldls{be(IIaBICII~P2CM) QI (MIIA2{JI*B(I¢IR2I/{T(d)=TIN})

AlSeJdlnAl sy d)+Dat )
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L0232
LeC233
L0234
LoC2138
Lel226
L0237
LeC238
LeC239
LeC240
LeC24l
LeO2k2
L0243
LeOrstd
LeC245
La024¢
LeC247
LeC248
LaG24Y
LeG25C
La02%}
Le02%2
o028
Le02%4
Le02%%
Le02%¢
Le02%7
Le02%8
Lef259
L0260
LaCR2¢1
Le02¢2
Le02¢2
La02¢4A
Le0¢5
L+C2¢4
L.Cet!
Lald2es
LelI2€8
L0200
Le02°1}
L0272
LeD213
LeOZF74
L.C215%
LeC2T¢&
LaC217
L0278
0219
La02%0
LeCla}
L0202
Lal203
L0204
LuOZES
Lef224
LeD20}
L0288
LaD28%
Le 0290

701

&
1CC

55%

k1

55%

557
561

56

Gl N L

AL20J ) #ACZ I =AZ0II B34 IR2IR(BLIII=BLEHIM/(BC2)I2(TLII=T(¥)))

JRyx[t2=1R]
1F(IR3} 4,7CL,4701
AlLyJd)sALL J) 4201, M) ¥2(N}
AC3pd)sAi3y )22 njar2{M)
Al29J128 20 J)+A(2,M1402{H)¢Ca(M)*DI(H)
G0 TO 4

CONT INUT

CONTINLE

kG e3¢ R)

D3 % K2lyIRS

NG %5 LslyIrE

C(K'L,'Oo

DO 5 HEl N

VELIK L) 2ALRK MIRALL )40 (K L)
ClRoL) sVt LiR, L}

DO & Ll lnF

SuMi j=Q.

DO 6 JeNIMyN

TF{JabQaMiN) CN TN &
CULoIRSeLFoVALUIINA(T yJ)4SUN(])
SUMIT)C(Ts17%¢])

60 1) .

S0,

NG 7 KeNIMHyN

[E(raFCaHEN) GO IO 7
SAsVAL(L Jex 2480

SO«SA

TFLLAY) 44847

CAL. ANSHLRIY oF y¥PT ¢ KNyNER)

Lu 13 8

RETL AN

SAR)OE¢TH

Nt

IFAIMATER) H87 957,558

IR4aFNH¢]

DO 559 L], 1r®

DC %%% Jal,ylise

Cllyddstilv )

62 1Y %7

IFELAB) * 50870y eY

CALL ANSHLR (T ob 4 Ch.hytEN)

Gt T3 %6U

PETUAN

END

CUNK IUTE It AMSWER (T F CarhohEN)
DIRLYSION TUAQ) +F (A0) 1Cal40)
WRITE(641)

FORMAT(/20H TIME MEASURE CALCULT)
hINaN[Me)

TFINEM) LyBWT

DO & Jw) yNEP

HRITE(848) TUJ)yLai )

FURMATIL9 ¢34 L 2H NCKE Bl4ael)
GO TJ ¢

DD 2 I=aMlMH,AN

WRITE (6, 3) TULYR . FET).CALL)
FORMATI{EDe34F12060E14e8)

RETURN
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LeC251 END

Le0252 SUBRADUTINE FURINT (X, FiF, EREC)
LeC2%3 MHBG =3

Le(EG4 PHit=2 3

Le(265 {(NE=La

Le02¢CE Thil=le

La0237 FOUk=%o

LeC2¢8 LLPS=1a

Le(269 CoNS=Udal8 3

LoC3CO TREIPI=Lel2937%1671
L«C3Cl1 FHLG=MEL

LeC302 TOLLw =T Jux (=h0V )
LeC3C2 C TLST LN LbbkP

Le03C4 1E (X) 29192

LaC3CH% 1 FRE=0

LeC3CE PREC=)Ne

LeQ3C7 FETURY

LaC3C8 2 Y=ApS({A)

L03CS YSi=YAwd

L.C3190 IF (Y=-LLrS) 303, f
LeO211 C MAXTMUM ARGLMERT
L«0212 4 ClaTwiss ((SMEC-TNE)/THWT)
Le021 ULCF =CCtsCl

Le0314 C SCALL FALTRR

LeQ21E% SCF=Tnirw (CL1¥¥2~FNRCH
t«C315 C LIMITING vALLT
LeC317 IF (y=LLUF) 13410411
LeC31R 11 bERE it

LeC21S LRFC=0

Le0320 Gid 13 7

Le0321 C METHOD PURLR SERTES
Ls0222 2 L=y

LeC323 EN=0NE

L«0324 TH=(r

La032°5 Pub = Trna®Y5Q

LeC32c € LH=0'+Tn0

La0Q%e7 TH=Pak =T /UM

L« .9 QUM =TH+SUM

LeC3235 < TOLESANGE CHIOK
LeC32C IF {(T=TILE") Fyfaf
LeC321 9 hRF=(SUW+TUF)*TC"TV'*Y*[XP(“YSC)
LeC222 LFFC=UnNL=EnF

Le0323 C RECATIVE ARCHMENT
Le0324 1 IR (A} Ayt

LeC326 & EREs=-tRE

L.C33% ErRrL=Tal= FT7

Le0327 ¢ RETU~N

LeC338 C MUTHODO-CONT INURD FRACTICN
L3224 1C rhMe=d

LeC34C GNP 2= INE

LeC3&1 FANMYL=TalTY

LeC342 CHML=Tn s ¥ YSG®ONE
LeG343 PREVENMLIGINYL
LeCl44 whi=U!d

Le0345 BN zGHAMLEFELUR

LeC34¢& 14 ENz= N EniddFNE)
Le0347 FH=ist *FNLE AN SEANMD
Lel34F uhanhNyGEMLEENEGRY 2
LeC345 F=tNJGN
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L.03%0 C TALERANCE CHFCK

Le03%1 IF{AuS{oNE-(F/RERV ) }=TOLen) 12,1212
Le03%2 13 IF (PROV=-1) 17y 17, 1%
L«03%3 C BOTH R AND G LT BF TESTEL IF A3S (X) «LTe o1
LeC3Fs 17 IF (uN oLTe °CFy 67 70 14
.e03%6 C SCALING

Le0356 15 FN=FN/50F

Le03E7 GN=UN /Wl

LeD3%8 FAML=PEML/5CF

LeO3ES Crirl=0l ML/LCF

Le0340 16 FHMZ=F1M]

LeC3¢ GRMZ=6RM]

LeC3£2 FAMI=FN

LeC3¢€3 GHML=GN

LsC3F4 whH =t Te )

La03£5 EN=L R SUr

LeQ3%€ PlEV=F

LeC367? GC TJ 14

LeC3EF 13 F=phiy

LeC3€ES 12 EEFCaFap A0{=YSQ)*TUETVI/TH
LeG370 ERF=CNE=-27F(

LeQ371L G4 T3 ?

La0372 ERD
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APPENDIX C. Estimation of mass capacity of furnaces
M10 and M11

The inside furnace volume calculated from furnace
dimensions is 402,7 m®. This volume is occupied by the
electrodes, the solid burden, the molien alloy, and the
molten slag. The volume occupied by the electrodes may
be calculated from the electrode diameter. the hearth
floor to stockline distance, and the electrode tip to
hearth floor distance. Assuming hemisphcrical electrode

tips this volume is,
3ew % 0,952 {(4,95-2,61 - 0,95) + 0,95 x 2/3} = 17,1 m3

elcotr.ode radius
typical hearth floor to stockline distance

i

where, 0,95 nm
4,95 m
2161 m

i

typical clectrode tip to hearth floor

1t

distance.

Remaining furnace volume is thercfore 385,6 m3.

The permanent alloy inventory is estimated to be
325 tonnes.’" The density of the alloy (containing
78 mass per cent Mn and 22 mass per cent Fe) is taken
as 6,65 tonnes/mY., This value is calculated by
interpclation between the densities of pure Fe and Mn
at 20°C and then by assuming that the per cent decrease
in density between 20°C and 1600°C for the alloy is the
same as that for pure Fe. Values for the densities of
pure Fe and Mn at 20°C and for the density of pure Fe at
1500°C are available.’3 The volume occupied by alloy
ig therefore 48,42 m3. The remaining furnace volume is
thercfore 336,28 m?, The depth of the permancnt slag
bath in the furnace is estimated to be 0,43 m.’* The
volume occupicd by this slag bath can be calculated from
inside furnace dimensions {shown in Filgure Cl) to be
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c2

39,02 m3. Assuming the slag density to be that of a melt
containing in mass per cent, 34 CaO, 30 Al,0;, and

36 Si0,, at 1500 C the slag density is 2,79 tonnes/m3.

The mass of slajy in the furnace is therefore 108,87 tonnes.

The volume remaining is 297,26 m3. This volume is
cccupied by solid burden. The density of the solid
burden is calculatecd to be 1,96 tonnes/m3. This is based
on a burden made up of the f2llowing components in mass
per cent; 45,2 Mamatwan ore, 22,4 Hotazel ore, 11,1 coal,
5.7 coke, 6,8 return slag, 5,7 quartz and 3,1 fine
ferromangancse. The following silo design bulk densities

are used:-’"
Hotuzel 2,21 tonnes/m3
Mamatwan 1,76 tonnes/m3
Coal 0,74 tonnes/m3
Coke 1,22 tonnes/m3
Quartz 1,50 tonnes/m3

The apparent densitics of fine solid alloy and fine solid
slag were mecasured tc be 7,14 tonnes/m? and 3,00 tonnes/m3

respectively.

Consequently the mass of solid burden in the furnace is
taken to be 581,41 tonnes. The mass capacity of the
furnace is therefore 1015, 28 tonnes.
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