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Abstraot

If a method of making eteel which requires less expensive
fuel, lower capital costs per ton of good steel made and lees
refractory costs can be developed, it will be possible to provide
the 0.1 - 0.2 tons of steel per annum-capita needed to give
everyone in the world a reasonable standard of living. The
paper shows that such a process will inevitably be fullycontinuous,
with flame melting of various proportions of scrap up to 100%,
with oxidation of any metalloids by iron oxide fed into the slag,
the heat and steam being provided by a stoichiometric fuel/oxygen
lance. The main slag will flow in counterflnaw to the metal in
a long narrow channel enlarged only where the lance is stirring
the bath. The slag will be melted by a flame from a fuel/preheated
air burner impinging on it after passing over the final zone where the

last traces of slag float out of the steel.

1 Steel making needs of the next 30 years

High strength substances, like steel, along with power supply
ars the two foundations of the material advancement of societies.
Some countries already consume over half a ton of steel per head
of the population per year and at least 0.1 and possibly 0.2 tons
per year will be neceesary throughout the whole world to give everyone
a reasonable standard of living.

Plastics may repiace steel for many purposes but if the cost of
making a ton of steel in terms of fuel, labour and plant can be
steadily reduced as the world's output grows, then the intrinsic
advantage of steel that it can be rolled into sheets, wires, piates
or strips by the mile will cause it %o retain its place in the new

markets of the worid.
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The need for overall cheapness applies botn to the highly

developed countries which are already producing steel ut a raite

axceeding nalf a ton per head per year and to the less developed

countries wnicn will certainly develop their production many-fold

in the next thirty years up ‘o tnis kind of figure. It is fairly
certain that the more highly developed countries will use their
present plant until it is worn out but that some time in the future,
less tnan 20 years from now, tney will have to replace it by rlant
whose final production of steel 13 essentinally and basically cheaper.
On the cther hand, the less developed countries present the ideal
orportunity to develop & new and great!y improved steelmaking process
a8 they 2re not saddled witn the present generation of plant.

Une can draw one other conclusion as far as tne highly developed
countries are concerned and this is th:t as they hive already reached
an equilibrium production of steel, tne priportion of scrap steel
which must be returned to the industry for remelting is bound
to increase until it ultimately reaches a figure of the order of
70% or 80%. If tnis were not so, the developed countries would
stendily be littered with rusting steel an: the cost of orae would
inevitably rise aguite fast as the more accessible supplies were used
up. As the less developed countries become industrialised, with large
central steelworks, they tro will use a steadily nigher proportion
of scrap.

This means that we have to find a way of making good quality
steel from crap steel or cast iron with a hignh thermal efficiency
using a cheap fuel (gil, natural gas or pulverised coal) and not
coke or electricity which .re and will remain expensive fuels because
they are secocndary fuels made by processing primary fuels in
expensive plant (coke ovens and thermal power stations). It is
likely that although nuclear electricity will become increasingly
used and will become substantially cheaper than electricity made
from the combustion of o0il or ceal, it will not become as cheap per
anit of neat as tne direct firing of oil or natural gas, at any rate

until controlled nuclear fusion is developed.

The development of
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nuclear fusion for large geale economic preduction of electricity
ig certainly twenty years away since the controlled production of power
from nuclear fusion has not yet been acnieved in the iabora‘cry and
the time lag between the first successful laboratory experiment
and the successful power station is bound %o be mrre than twenty
years.
We can therefore tummarise this section by saying thav:-

1) The long term equilibrium needs of mankind are of the order
of 0.1 to 0.2 tons of steel per annum per capita.

2) There is a great need for a substantially cheaper way of
making good quality steel both in the developed countries
and the under-developed countries.

3) This steel requlires the use of cheap natural fuel, e.g.gas
or oil or pulverised coal as the sole fuel for steelmaking
and ore reduction.

4) The proportion of scrap will eventually rise to 70% or 80%.

11 The Reguirements for the New Steelmaking Process

The characteristics of a steelmaking process necessary to
satiafy the needs in the next generation are the followings -

i) It must be possible to take aas raw materials in one plant the
Fe in proportions ranging from 20% scrap and 80% finely ground ore :on-
centrate to the reverse percentages.

11) The process must be fully continuous, completely automatically
controlled and with no mechanical movement of ladles of liquid metal.
A full list of reasors why it will be fully continuous is given in
Appendix I.

1i131) The piocess must be able to use oil, natural gus or crushed
coal as the sole fuel for reducing the ore, melting the iron made
from the ore and the scrap and refining and superheating the molten
material.

iv) The overall capital cost of the rlant for reduction, melting
and refining, casting and rolling, the buildings to contain it,

the necessary equipment and the material handling equipment must be
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Figure 1
Disgram of the next generation of gteelmaking
processes
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gubstantially below that of tne overnll equipment of the present
processes invelving coke ovens, blast furnaces, Cowper stoves, molien
iron earrying devices, oxygen blowing equipment, pouring equirment,
fume removal equirment, casting bay, molten steel and iiget transport
equi pment, relling mills, spaking pits and reheating furnaces, storage
bins and bays and buildipgs to house all the equipment.

v) The process will certainly Ye linked to multi-strand continuous
casting to cut out the cost of primary wills, soaking pits and
reneating furnaces.

These requirements are shown disgrammatically in Fig.1.

111 Experiments already carried out on Continuous Steelmaking

III 1. Continuous scrapmeliing

In 1954 Thring (1) published a pzper in the Journal of the Iron
and Sseel Institute in which he proposed the continuous counterflow
flame steelmaking plant shown in Fig.2. In this there were two slags
but the word counterflow referred to the heating gases in relation
to the scrap being heated, melted and superheated.

There were two prcposed metnode of heat exchange for the
g01id material, in one it was charged down a shaft, the gases passing
up through the shaft, in the other the scrap was charged on a platiform
immediately over the gas offtake by means of a ram and then passed
ander the combined action of gravity and the ram down a slope %o the
point where it was finally melted.

Fer four years experiments were conducted at She7field University
in a co-operative research with Steel, Peach and Tozor and G.P. Wincotts
of developing a scrapmelting furnace based on the shaft heating system (2).
The furnace melted at a rate of about half a ton an hour using gas and
air neated to 40000; it'melted continucusly bu* was tapped every two
hours. Various designs of the shaft, the first shown in Fig.3,
were studied in continuous trials lasting up to a week using various
proportions of cold scrap and cast iron. In almost all the furnaces
there was no difficulty in melting charges of 100% pig iron but as the
proportion of scrap waa increawsed above 50% there were problems of oxi-

dation and bridging.
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Figure 4
I_I..O—ton[hrg one-way fired continuously charged

scrap—-melting furnace
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The problems of bridging could be overcome by changing the design
of the furnace, for example, having the hearths on both aides of the
shaft instead of only one but it seemed likely that if one were
melting 100% scrap one would always obiain too much oxidation if
the gnses passed through the pile of scrap in the region where the
retal was hotter than a 1000°C and also *herefore in the final melting
region.

There would alse be refractory problems in the region of the throat
even on a large scale furnace. The mos% important conclusion,
however, was that one could melt cast iron and scrap in this type of
furnace with thermal efficiencies of over 50% expressed in terms of
the enthalpy of the molten metal divided by the calurific value of
all the fuel used.

In 1957, Professor Schack, who had applied a2 metallic recuperator
to & 20 ton ore way fired open hearth furnace at Ruhratanl A.G. before
the war discussed this work with Sheffield University with a view to
applying the counterflow scrap preheating process to cooling the waste
gases of an open hearth furnace to a temperature at which he could
pass them directiy into a metallic recuperator. This temperature
was to be not more than 4200°C and the recuperator was to produce
preheated air for the main burner at some 750°C. In his earlier
experiments (3) he had cooled the gases by means of a waste heat boiler
but there were considerable problems in the fouling of the racuperator,
While the Sheffield group believed that the most efficient way of
exchanging the heat between the gases and the incoming scrap was the
shaft system, they had not evolved a completely satisfactory way of
taking the melting scrap around the corner from the shaft into the
molten path. It was therefore decided to complete the Schack
furnsce using the pusher principle, the gsecond one given in the 1954
paper (Pig.2). Pig.4. shows a furnace which was buil¥ at Gebr.
Benteler at Paderborn in Germany. This furnace was to melt continuously
but not to be tapped every two hours with 16-20 tons of molten steel
which was taken to an arc furnace for finishing and continuous ocasting.

The furnace melted satisfactorily at 8 tons/hour with an overall

thermal efficiency of 55%. The yield of molten steel was about Y1%
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which was considered to be satisfactory as the scrap was very dirty.
The carbon could be contmlled between 1.1% and 1.7% by charging
anthracite with the scrap. The furniace was fired with heavy fuel

oil with a sulphur content 2.5 - 4,0%, 2 cwt of lime was charged with
18 tcns of scrap, the final sulphur of the metal was about 0,1% although
this could be reduced. The waste gases were cooled to 950°C at the
point of entry to the recuperator and 450°C at the exit from the
recuperator, The recuperator was shot cleaned in the tubular section
5 - 8 minutes every hour. This furnace had onas defect which would have
to be overcome in future designs. This resilted from the fact that
there were doors at the hearth level while the charging doors and side
doors extended up to 10 metres higher. This meant that the buoyancy
inside the furnace produces a very considerable sting out of waste
gases a‘ the upper doors if there was balanced pressure at the lower
doors or conversely a very considerable air in leakage at the lower
doors if there was balanced pressure =t the higher ones, This would
have to be overcome by reducing the number and size of the doors
making them much more airtight and reducing the difference of level
between the initial charging door and the final nearth level. It
probably means that the principle of having three rams at different
heights to move the charge on is not a satisfactory one.

III 2. Continuous refining of molten iron using only oxygen

Fig.5. In %nis, *ne BISRA spruy refining rrocess is shown
diagrammatically. The molten iron falls in a gtream from a tun
dish through two nozzles; through the first of these lime and flux
Are dropped as a continuous stream of powder while supersonic jets of
oxygen enter through the second which is water cooled. These jets
pick up the lime and fluxes and impinge at a small angle on a falling
stream of iron. The refined metal falls into a receiving ladle with
a8 nozzle 1t the base for metal flow into the casting equipment and
a side spout for slag overflow. Nearly all the carbon monoxide produced
is burnt with the oxygen to COQ, the waste gases contain 1-2% carbon
monoxide and 14 gr/ft3 (32gm/m3) of fume. The surplus heat can be

absorbed by allowing the hot metal to melt up te 40% of epld scrap.
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Figure 5
The BISRA spray refini ro0es
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The process i at present only used to empty one ladle of iron at a
time.

1RSID nave been working for a number of years on a continuous
ateel refining process at the scile of 11 tonsg/hr (6) in which the
molten iron flows through a submerged tube into the bottom of a vessel
which ie continuously blown from the tep with 2 watercooled oxygen
lance as in the LD batch process; powdered lime and other slag forming
materials are also fed in continuously. The reaction vessel may ve
regarded as a stirred reactor so thai the slag and metal leaving
nave the sam¢ composition as that anywhere in the reacior except
immediately at the ppints where the fresh material comes in. The
slag forms and carrics the refined metal out in the foam as liquid shot.
It flows over a lip into another vessel where the metal senarates out
under gravity from the slag. This process is being further developed
with a grant from the High Authority of the European Iron and Steel
Community to bring it to a comrletely finisned stage suitable for
large scale industrial produdtion.

The CNRM (7) in Belgium have also worked on a modification of the
LDAC process in which the lime and slag forming materials are fed in
and removed continuously. This was mainly to eliminate the loss of
production caused by having to stop the LDAC process to change the slag
in the middle of blowing. The metal was however charged and discharged
in the normal batchwise fashion,

Professor Schenk in Sermany publiched in 1964 a paper (8) in which

Far

he pointed o1t the metallurgical advantages of a counterflow slag in
continuous steelmaking and ne is investigating the possibility of
pperating with such a continuous countcrflow slag in an Oberhausen

Rotor furnace and in 2 static furnace in whieh the steel is made to flow
uphill by electro-magnetic means.

In the period 1960-63 H.K. Worner (9) carried out a series of
experiments on a small pilot plant in Australia in the apparatus shown
diagrammatically in Fig.b6as. He poured molten iron from 2 cupola
continuously in from one end of the furnace, it passed under three
bridges to separate the slags and he used a number of oxygen lances to

refine the metal. He operated at rates up to 4 tons/nhour and showed
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that it was possible to produce steel continuously with contents of
sulphur and phosphorous as low as those which can be obtained in the
best arc furnace practice and that the carbon content of the steel
could be controlled over a wide range.

The Puji Iron and Steel Company (10) together with the Tokyo
University described experiments of an annular continuous refining
furnace in which the slag and metal were set in rotary motion at
different speeds by arranging the oxygen nozzles tangentially. Tney
made a large number of 5 ton heat with an average refining time of 27
minutes, but the process was not developed to the fully continuous
stage since the iron is tapped intermittently.

ITI 3 Continuous refining of iron with flame

A number of experiments have been carried out on the 100 1lb/hour
scale by Sheffield University at English Steel Company in a narrow
channel furnace 8 feel long. In this, slabs of cast iron were fed
in at one end cf the furnace where the combustion gases left and an
0i1/oxygen burner provided a very hot flame at the other end.

Various methods of feeding finely ground lime powder into the
flame were tried and the resulting slag was tapped off at a hole
close to the point where the molten iron flowed into the horizontal
channel. Several hundred pounds of steel have been made in this
furnace on a continuous basis from cast iron but the scale is so small
that oxygen has to be used almost continuously at the taphole to keep it
open and a flame has to be used to keep the slag running out. The use
of oxygen at the taphole means that one does not know how much of the
oxidation it nas done but samples taken from points along the bath
have shown that most of the carbon is taken out of the iron in the
melting stage on the slope.

Although they have not yet peen used for continuous processes
the experiments (11) which have been done with watercooled burners
in which light distiliate o0il and natural gas have been burnt with
stoichiomotric oxygen are very relevent to this problen. In the first
place they have been used to replace the electrodes in arc furnaces and
have shown that ine use of a stoichiometric flame completely eliminates

the fume which is obtained with oxygen tlowing into the iron and that
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very high rates of heat ¥ransfer can be obtained with such systems
together with complete combustion in a very small volume. Clearly
once these burners are no longer used in any furnace designed for
another form of heating but in a furnace designed to take full
advantage of their possibilities and especially in a continuous furnace
where thsy can bs used for very accurate control of temperature and
for the supply of heat for oxidation with Fe 0 {(at the same time
inereasing the metallic Fs yield) they will be of much greater value.
II1 4. Continuous casting and vacuum degassing

It is well known that continuous casting can reducs the capital
cost and ths running cost of the processss from liquid steel to the
final rolled product. Continuous casting as at prsssnt practised
is used to empty one ladle at a tims. Much greater advantages will
arise if it can be operated fully continuously, that i, with a number
of continuous casting strands in parallel fed by a runner fully
continuously from a continuous refining process.

In & recent paper Halliday (12) has suggested how contiruous

casting can be operated from coniinucus vacuum degassing.

IV An attempt %o predict tha steel making process of the future

IV 1. Melting of scrap or sponge iron
The experiments discusssd in Section 3 of this report have

shown that it is perrectly feasibls %o heat scrap stsel or sponge iron
in & counter flow shaft with stoichiometric combustion gases provided
the metal is not heated above a tempsrature ol about 900°C. Above
this temperature the hsating must be by radiation from gases which do
not pass through the material otherwise thers is excessive oxidation
and sticking together of ths matsrial so that it will no longer travel
satisfactorily down a shaft (unless it is heatsd from both sides at the
base). Iron containing three or four per cent carbon can be
completely melted in such a shaft furnace which thsn becomes equivalent
to & cupola fired with oil or gas at the base instead of using coke fed
in with the charge.

It is of course poaéible to melt scrap in a blast furnace or

cupola with coke but this requires large hard coke and gives a melting
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thermal efficiency less than 20% pectuse 1% makes a lot of carbon
monoxide. It is therefore ruled nut as “he scrap melting process
of the future. It follows that both the sponge iron and the scrap which
will be the two sources of Fe to the steel melting and refining
procecs of the future will necessarily be melted in cne of the two
types of furnace shown diagrammitically in Fig.2. In these processes
there will be a flame at the refining end, whence the steel is
continuously extracted by vacuum syphon. This flame will provide
the necessary superheat for the molten metal and the heat to melt
the refining slag and will consist of either the cheap liquid or gaseous
fual fired with sunerheated air from a metallic air heater through a
burner in the end wall or the same fuel burnt with pure oxygen in a
special burner which will also convey the slag forming materials and
a reasonable proportion of finely ground iron oxide, some of which
will be reduced to increase the metallic yield.

There will be a second burner impinging directly on the melting
ferrous material so that the latter runs as a steady liquid stream
in the refining slag in the bath. The cold ferrous material may be
charged in by a ram as indicated in Figb6b in which case the exit gases
will be drawn off downwards by off-takes underneath the entry point
or the material may be fed down through a shafst through which the gases
are drawn in counterflow as indicated in Fig.7
IV 2. Refining

Mslten blast furnace iron will be poured in at one end of a long
narrow channel furnace (see fig 8 for design, fig 9 for diagram of flows
and zones) a desulphurising slag will be fed in at point 3 {fig 8)
and run co-current with the iron. The main oxidising slag will be
fed in at point 2 and melted by the hot air 0il burner flame impinging
on it. The stoichiometric f‘uel/O2 burner will provide the heat and
gtirring for the reaction

FeO + C» Pe + Co

between the slag and the metal

IV 3. Casting

By having a series of six or more saparate continuous vacuum

degassing syphons (6) it is possible both to control the hold-up time
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of the metal in the furnace for refining snd to continue operation
while a certain number of vacuum syphons or continuous casting
apparatuses are out of action. Each of these vacuum extraction
apparatuses can be raised or lowered 2 few inches separately and each
one feeds a2 small number of continuous casting apparatuses spaced out
so that all the continuously cast slabs or ingots run in parallel
directions through the 2ooling and rolling stages.

Small scale experiments on continuous steelmelting and continuous
refining are very restricted. Here the problem is maintaining the
steady flow of liquid steel out of the apparatus. The work of
melting 10 cwt/hr at Sheffield University was only possible because
the bath was emptied during a period of a few minutes every 2-4 hours
80 that the metal was running out at a rate of the order of 20 tons/hr
during the tapping period. In the work carried out by Sheffield
University at Snglish Steel at 100 pounds/hr the taphole had to be kept
open by a continuous flame and this produced uncontrolled oxidation.
It can be concluded from this that without auxiliary heating on the
taphole the smallest experiment that can be done requires the steal
to be running out continuous!y at a rate of at least 10 tons/hr.

The only way to do experiments on the lab,scale on”the effect of a
counterflow slag fully continuously is by having some kilowatts of
electric heating on the steel flowing in %“he throat of the taphole.
This can be by (1) resistance heating by means of a current passed from
an electrode under the bath from the molten steel and out through

8n electrode at the lip or (2) high frequency heating with a water-
cooled coil outside this or (3) installing a carbon grain resistance
heater beneatn the tapholae. These possibilities ara being explored
for the laboratory furnace which is being built in London.

Cn the other hand the 10 cewt/hr experiments at Sheffield showusd
that if one took adequate precautions with thermal insulztion of the
walls and insulating the preheated air pipe one could obtain thermal
efficiency figures at least for a shaft tyve scrap melting kiln which
were comparable with those obtained on n industrial scale (Padarborn

furnace),
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The scale-up law for continuous steelmelting and refining
experiments should be %that the mass throughput (tons/hr) should increase
ag the cube of the linear dimensions of the furnace. This is because
the throughput of the precess depends rather on the residence time of
the metal in the furnace than upon the surface area of contact between
the metal and slag. The system can be stirred sufficiently so that the
reactions can be regarded as going on throughout the volume of the metal
and slag rather than across the interfacial surface area. This means
that one would go from a 10 hr plant to a 300 tons/hr plant with an
increase in length of furnace, depth of metal and width of furnace of
just over 3 times in each case so that if the 10 tons/hr furnace were
40' long the 300 ton/hr one would be about 120' long. Once the
principle is established on the small scale pilot plant this is one
of the systems that is easier to design and operate the larger the
scale. Howaver it is alsp true if one wants a small steel works
in a region where plenty of scrap is available a plant of the size
of 20 tons/hr would enable a complete economic steel works %o be set
up.

V. The continuous refining of molten blast furnace iron with counterflow
slag and auxiliary flame heating

Existing blast furnaces will operate economically as sources
of molten high carbon iron as long as the present generation of coke
ovens is in working order. For the next 20 years therefore the
developed countries will still have a major problem in making steel

economically using a proportion varying between 30 and 40% of blast

furnace molten iron, the remainder coming from scrap which will have

to be melted, preferably in tre same furnace as that in which the blast
furnace iron is refined. FPig.8 shows the design for a pilet plant

on the 10 tons/hr scale for such a furnace. This furnace is planned

- as & result of discussions of the use of a counterflow slag with many
people especially Professor Elliot of M.I.T. and Dr. Howard Worner.
Basically, it consists ot a fixed furnace with an auxiliary heating
flame of oil or natural gas plus preheated air at the steel tapping end.
In the first experimen}s the steel would be withdrawn through a 'tea~pot'

soout as shown, but later a continuous vacuum-syphon degassing apparatus
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would be used and the level cf metal in the furnace adjusted by
varying the level o the metal in the ladle .nto which the steel
is being iischarzed by controlling the height of this ladla. Thisa
ladle would of course be replaced by the multi-strand continuous
casting moulds in the larpge scale apparatus, The molten iron is
poured in continuously 2% tre pther end of the furnace through a
desulrharising slag which is 2lso fed in continuously at this end.
A anall amount of reducing slag fed in immediately under the burner
protects the metal in the steel withdrawal end while the main slag
consisting of finely powdered lime or limestone togcther with a
significant amount of iron oxide and a small amount of bauxite as flux
is fed in close to a small high velocity burner distillate oil or
natural gas with a stoichiometrie fuel proportion in such a way that
it causes violent agitation of the molten metal, All three slags
are fed in continuously and discharged together at a slag notech placed
immediately under the combustion products offtake near the end of the
furnace where the irpn enters, the scrap is charged in through a door
in the side of the furnace about half-way between the oxygen fuel burner
and the combustion gas off-taka. The use of a fuel/oxygen lance means
that no fume is made and that sufficient heat is available both to
oxidise most of the earbon in the iron by means of the Fe 0 charged in
(thus increasing the yield of metallic Fe per ton of metallic iron
charged in) and 4lso to melt a high proportion of scrap. Moreover,
the proportion of scrap can be varied within a wide range by varying
the amount of fuel/oxygen to this burner and fuel/air to the auxiliary
burner at the hot end. The hold-up time of the slag in the furnace
can be controlled by raising or lowering a watercooled notch at the
end cf the slag npzzle. Tnis noteh is covered with a layer of brittle
frozen slag but the slag is kept molten in the top part of the noteh
by a sting out of flame éases which is withdrawn with a separate
hood into the main existing hood.

Pig, 7 shows the proposal for a pilot plant for a continuous
Scrapmelting furnace based on the Paderborn experiments but designed
to overcome the problems of air in-leakage due to having the doors at

different heights.

The furnace is alsp designed to enable the molten
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scrap to be continuously refined by a suitable counterflow slag in a
narrow refining channel fed by the molten metal from the wide preheating
and melting chamber. The latter must be wide to give sufficient surface
area for the melting to be carried out by the gases from the main melting
opurners which impinge on the melting surface but do not penetrate through
to cause excessive oxidation. The melting process is thus similar
to that in an o0il fired open hearth furnace melting a charge of pure
scrap. The heating gases pass out through ports underneath water-
cooled rails just inside the charging door. There are various
possible devices equivalent to the double valve system of the blast
furnace for charging the material without excessive leakage. One such
is shown in the figure. This system ensures that the scrap is heated
up to about 500°C by the gases passing through it giving a good rate
of convective heat transfer, the other main feature of the sysiem is that
the action of the ram pushes the material as far as the point where
the slope suddenly becomes much steeper. This is arranged to co-incide
with the place where the scrap is just beginning to become eticky,
that 18 at about 3000°C.

R
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The Advantagee of Continuous Processes

The glass iniustry has been operating continuoue melting
processes at temperatures up to 1600°%¢ (Pyrex production) for
its tonnage production for nearly a2 hundred years. Artificial
sapphire fused at 2080°¢C is being made continuously on a small
scale. The petroleum and other heavy chemical industries have
almost completely changed to fully crntinusus operation, the cement
industry went over to cnntinaous operation with the rotary kiln
1t the turn of {the century and the refractory and ceramic industries
are steadily moving over to continuous operation with tunnel and
ring kilns. The blast furnace already works continuously except
for the intermittent tapping and it could readily be adapted to
fully continuous tapping since iron melting cupolas have already
ﬁeen euccessfully operated in Germany with continuoue using a fore-
hearth. It is very significant that no tonnage industry has ever
wanted to return to batch proceeses once the continuous process
has been established.

The main advantage of continuous procesees as applied to the making
of steel can be considered under five headings:

1. Automatic control of guality, composition and temperature

By developing fully continuous sampling of the metal before
and after refining (see fig 10) and analysing these samples in a
continuous vacuum spectroscope to give all the elements concerned,
it is possible to control the quality, composition and temperature
of the molten eteel by meane of a computer and to verify thatthis control
is accurate. The computer would then control the process in terms
of the quantity and composition of the slag feed mnterials, the amount
of fuel and air and oxygen in the priaary and secnndary flamee and the
reddence time of the metal in the bath, the supply rate of iron or
sponge iron being maintained constant. This means firstly that one can
obtain much more accurate control of the uniformity of the product;
second that the product can be produced varying over the whole range of

compoeitions and qualit’ ee of steels from *“o ~teapest to the most

expenuive, Thirdly, it 1s poseible tp instruct the computer to change
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Figure 10
Proposal for continuous steel sampling

patent application no. 6407/64
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the composition of the metal at any time to make as little as 1/4 hrs
production of a given gteel instead of having o mike one large batch
of only one composition. For this change the flow of liquid steel
through the vacuum syphons can be stopped until the continuoue casting
moulds are empty while the conditions in the furnace are altered to
make the new compoeition or if preferred there can simply be a sudden
change in the composition of the metal coming continuously out of the
casting moulds, juet ae oil of different compositions can be sent down
a pipeline with minimal separation.

2. Bach part of the syetem is designed for one_process only

In the conventional open hearth furnace, arc furnace or LD
vessel the same vessel has to serve the various functions of charging
of raw materials, scrap melting, slag formation, slag discharge, the
various refining procesees including the splasing due to oxygen
lancing and containing the very high temperature final metal which 1is
poured out. The hearth is at some times not covered, at others covered
with solid metal, and at others with 1iquid metal at various
temperatures. This means that the refractories above the metal level
are subject to continual temperature variations and to variations in
aerodynamic conditions and splashing so that their design has to be
a compromise. Similarly, the matefrial under the hath has to be suitable
for very varying conditions and for resisting attack by slag as well as
by molten metal. In a fully continuous process these problems can be
completely eliminated. Each part of the refining and melting channel
is designed to be the optimum for one stage of the process alone.
One part is designed to house a flame, another part to hold the finishing
reducing slag and the pool of quiescent metal before 1% is discharged.
Another part has the feeding of the main oxidising slag and the flame
preparation and melting of this slag.  Another one houses the fuel
oxygen burner which accelerates the oxidation reactions and this part
can be designed so that any splashing wh ich does occur does not reach
the roof or side walls and the bath can be deeper again at this point.
Another part is designed for the charging of scrap, another one for the
discharge of the conbus{ion gases and of the used slags and finally

there is the part for the pouring in of the molten metal through a
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special slag or in the ultimate process with extended surface area for

melting sponge iron and scrap in large quantities. This gives very
long Life between the shutdown of the furnace, probably two or three
years, and hence very low maintenance costs.

3. The use of a flame

In the final steel plunt where one will have to melt more
than 60% of scrap or sponge iron then a flame for melting is quite
egsential. Even in *he intermediate stage of a process providing
molten steel continapusly from 50-80% mclten blast furnace iron, the
usa of the two flames, one with preheated air over the hot end of the
furnace to superheat the metzl, make up heat Losses and melt and
prepare the main slag gives a considerable number of advantages.
Curiously encugh, the first of these is that they reduce the fuel
and oxygen costs, This is because the fuel in a straight oxygen
blowing process 13 entirely the carbon, phosphorous, siliecon, manganese
and up to 1% of the Fe coming from the blast furnace. This means that
all the heating reactions depend upon the use of extra coke in the
blast furnace. This was shown clearly in a recent paper by
Rheinlander (13) where in an analysis of the fuel costs he showed that
the fuel fired open hearth furnace used considerably less fuel (in
terms of calorific value and more difference in terms of cost) than
the blast furnace/oxygen-blowing processes to make a ton of steel.
Less oxygen will be used in the continuous process with flame heating
because at least half the oxygen to combine with the carbon of the
metal can come from Fe O melted in thy main oxidising slag. This alse
increases the amount of steel produced per ion of blast furnace metal
and this again reduces the coke used in the blast furnace per ton of
steel made.

The second main advantage of the flame is that one can use &
much wider range of raw materials, that is, going from 0% to more than
60% scrap and using light or heavy scrap and one can cope with variations
over a fairly wide range in the temperature of the molten iron and its
content of the heat producing elements, carbon, silicon, phosphorous
and manganese. Pinally, the flame and the burning of oxygen with fuel

means the complete elimination of fume and a much less violent stirring
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action being necessary for the refining processes.

4. The advantages in the use of a counterflow slag

The metallurgical advantages of a counterflow slag are firstly
that one uses less than half as much weight of slag to cbtain the
same degree of refining in given steel because the slag leaving
the furnace éan nave a very high concentration of the imrurities
gince it leaves at a point where these impurities are at the maximum
level near the incoming molten iron. Secondly one can produce
an extremely clean steel of quality as good as that in the best arc
furnace practice, that is the steel can be very low indeed in
phosphorous and sul phur even if the iron is high in silicon. It can
be very clean indeed in terms of refractory inclusions because of the
steady flow conditions which enable expensive special materials to be
used just at the aritical points.

5. Cost of buildings and ancillary equipment Will be considerably 1ess

In any fair comparison the total capital cost of plant for
proceeding from raw ore to rolled steel should ne compared for the
same output assuming both plants were built at the same time on
green field sites. Comparing first the continuous flame heated
counterflow slag refining process with the batch type 0, - blown
refining process; the blast furnace, coke ovens and molien metal
transfer equipment will all be about 25% less for a given output of
finished steel because of the increased proportion of scrap that
can be used directly in the continuous process and of the increased
yield of steel due to the reduction of Fe O and elimination of fume.
The equipment for pouring the molten iron continuously into the
continuoue refining furnace will asimply invelve a fixed crane and on
the casting site there will be no crane at all so tyat the whole
expense of the travelling transfer of molten steel in ladles which &%
present is required both with pit casting and with continuous casting
will be completely eliminated. The refining furnace will probably
cost about the same as an LD vesgsel because the refining furnace is
longer but it does not gequire the complex tilting and rotating equip-
ment of the steelmaking process that the continuous process will show

its greatest advantages. (1) complex and expensive fume removal gear
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and waste heat boilers, at present required with the LD process will
be replaced by 2 simple stack carrying clein combusiion gases, (ii) the
fuel oxyger burner will be a simple watercooled tube dm.long in place
of the 15m. or more length of the LD process lance and this in turn
means that the roof{ cof tne building cin be ‘ust above the crown of the
furnace so thit the whole furnice can be installed in a building with
roof less than 15m. above ground level, (iii) when it is necessary

to put a new crown on the furnice, which would be every itwo or three
years, tne whole crown can be removed in sections and replaced by new
sections, (iv) the ba*h in contict with moltern metal can be burnt in
very hard by means of a flame and again because of the continuous
conditions very little fettling will be required. Fettling can be
done by emptying tne furnace once a month probably by opening a special
taphole on the lowest point for the purpose. (v) Finally, on the
continuous casting side the carital cost can be minimised by having

12 or more strands fed from one furnace in parallel in such a way that
any group can be taken off for repair by discontinuing the vacuum
extraction from one box without interrupting the overall continuous
operation.

When we come to the ultimate stage of using sponge iron the
comparison of the sponge iron side of the process with the present
Blast Furnace, Coke Oven, Cowper Stove assembly is so good that the
new rrocess will probably finish up with less than a quarter of the
caplital cost of the existing one. The melting furnace will not be
very expensive because its main cost will be for the low temperature
heating part with the extended surface area and this is equivalent to
a continuous slab reheating furnace. The transferring of hot metal

in ladles will also be completely eliminated the sponge iron will be

conveyed continuously in a tube straight into the melting furnace.
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One can draw one other conclusion as far as the highly developed countries are
concerned and this is that as they have already reached an equilibrium production of
steel, the proportion of scrap steel which must be returned to the industry for
remelting is bound tc increase until it ultimately reaches a figure of the order of

70 or 80 per cent.

The long term equilibrium needs of mankind are of the order of 0,1 to 0.2 tons

of steel per annum per capita.

There is a great need for a substantially cheaper way of making good quality

steel both in the developed countries and the under-developed countries,

This steel requires ihe use of cheap natural fuel, €.8. gas, o0il or

pulverized coal as the sole fuel for steelmaking and ore reduction,

The proportion of scrap will eventually rise to 70 or 80 per cent,

The requirements for the new steelmaking process

The characteristics of a steelmaking process necessary to satisfy these needs

in the next generation are the following:

(i) 1t must be possible to take as raw materials in one plant the Fe in
proportions ranging from 20 per cent scrap and 80 per cent finely ground ore

concentrate to the reverse percentages,

(ii) The process must be fully continuous, completely automatically

controlled and wilh no mechanical movement of ladles of liquid metal.

(i1i) The process must be able to use 0il, natural gas or crushed coal as
the sole fuel for reducing the ore, melting the iron made from the ore and the

scrap and refining and siperheating the molten material.

(iv) The over-all capital cost of the plant for reduction, melting and
refining, casting and rolling, the buildings to contain it, the necessary equip~
ment and the material handling equipment must be substantially below that of the
over-all equipment of the present processes involving coke-ovens, blast furnaces,
Cowper stoves, molten iron-carrying devices, oxygen blowing equipment, pouring
equipment, fume removal equipment, casting bay, molten steel and ingot transport

equipment, rolling mills, soaking pits and reheating furnaces, storage bins and

bays and buildings to house all the equipment,
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(v) The process will certainly be linked to multi-strand continuous casting

to cut out the cost of the primary mills, soaking pits and reheating furnaces.

Experiments already carried out on Continuous Steelmaking

Continuous scrapmelting
In 1954, Thring (1) published a paper in the Journal of the Iron and Steel

Institute in which he proposed the continuous counterflow flame steelmaking plant.
In this, there were two slags but the word counterflow referred to the heating

gases in relation to the scrap being heated, melted and superheated.

For four years experiments were conducted at Sheffield University in a
co—operative research with Steel, Peach and Tozer and G. P. Wincotts of developing
a scrapmelting furnace based on the shaft heating system (2). The furnace
melted at a rate of about half a ton an hour using gas and air heated to 400°C

it melted continuously but was tapped every two hours.

A furnace was designed and built by Professor Schack at Gebr. Benteler at
Paderborn in Germany. This furnace was to melt continuously but to be tapped every
two hours with 16-20 tons of molten steel which was taken to an arc furnace for
finishing and continuous casting. The furnace melted satisfactorily at 8 tons/

hour with an over-all thermal efficiency of 55 per cent.

Continuous refining of molten iron using onlx oxygen

In the BISRA spray refining process, the molten iron falls in a stream from a
tun dish through two nozzles; through the first of these, lime and flux are
dropped as a coptinuous stream of powder while supersonic jets of oxygen enter
through the second, which is water-cooled. These jets pick up the lime and fluxes
and impinge at a small angle on a falling stream of iron. The refined metal falls
into a receiJ&ng ladle with a nozzle at the base for metal flow into the casting
equipment and a side spout for slag overflow. Nearly all the carbon monoxide
produced is burnt with the oxygen to COE’ the waste gases contain 1-2% carbon
monoxide and 14 gr/ft3 (32 gm/m3) of fume. The surplus heat can be absorbed by
allowing the hot metal to melt up to 40 per cent of cold scrap. The process is

at present only used to empty one ladle of iron at a itime.
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In the pericd 1960-68 H. K. Worner (9) has carried out a series of experiments
on several pilot plants in Australia. He poured molten iron from a cupola con-
tinuously in from one end of the furnace, it passed under three bridges to
separate the slags and he used a number of oxygen lances to refine the metal. He
operated at rates up to 4 tons/hour and showed that it was possible to produce steel
continuously with contents of sulphur and phosphorus as low as those which can be
obtained in the best arc furnace practice and that the carbon content of the
steel could be controlled over a wide range. In later furnaces (9a) he has
dispensed with internal slag baffles altogether and has provided a slag settling
chamber. 0.004% P and S from more than average hot metal and has a completely
counterflow slag throughout the whole length of the converting branch.

The Fuji Iron and Steel Company (10) together with the Tokyo University,
described experiments of an annular continuous refining furnace in which the slag
and metal were set in rotary motion at different speeds by arranging the oxygen
nozzles tangentially. They made a large number of five ton heat with an average
refining time of 27 minutes, but the process was not developed to the fully

continuous stage since the iron is tapped intermittently.

Continuous refining of iron with a flame

A number of experiments have been carried out on the 100 1b/hour scale by
Sheffield University at English Steel Company in a narrow channel furnace
eight feet long. In this, slabs of cast iron were fed in at one end of the
furnace where the combustion gases left and an oil/o:qygen burner provided a very
hot flame at the other end.

An attempt to predict the steel-making process of the future

Melting of scrap or sponge iron

The experiments discussed in Section 3 of the Paper have shown that it is
perfectly feasible to heat scrap steel or sponge iron in a counter flow shaft with
stoichiometric combustion gases provided the metal is not heated above a tempera-
ture of about 900°C. Above this temperature the heating must be by radiation
from gases which do not pass through the material, otherwise there is excessive

oxidation and sticking together of the material so that it will no longer travel

satisfactorily down a shaft (unless it is heated from both sides at the base).
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Iron containing three or four per cent carbon can be completely melted in such a
shaft furnace which then becomes equivalent to a cupola fired with oil or gas at

the base instead of using coke fed in with the charge.

It is of course possible to melt scrap in a blast furnace or cupola with coke
but this requires large hard coke and gives a melting thermal efficiency less tha
20 per cent because it makes a lot of carbon monoxide. It is therefore ruled ' .
as the scrap melting process of the future. It follows that hoth the sponge iron
and the scrap which will be the two sources of Fe tc the steel melting and
refining process of the future will necessarily be melted in one of the two types
of furnace shown diagrammatically in PFig.2 of the Paper, In these processes there
will be a fiame at the refining end, whence the steel is continuously extracted by
vacuum syphon, This flame will provide the necessary superheat for the molten
metal and the heat to melt the refining slag and will consist of either the cheap
liguid or gaseous fuel fired with superheated air from a metallic air heater
through a burner in the end wall or the same fuel burnt with pure oxygen in a
special burner which will also convey the slag forming materials and a reasonable
proportion of finely ground iron oxide, some of which will be reduced to increase

the metallic yield.

There will be a second burner impinging directly on the melting ferrous
material so that the latter runs as a steady liquid stream in the refining slag
in the bath. The cold ferrous material may be charged in by a ram in which case
the exit gases will be drawn off downwards by off-takes underneath the entry point
or the material may be fed down through a shaft through which the gases are drawn
in counterflow.

Refining ‘ .

Molten blast furnace iron will be poured in at one end of a long narrow
channel furnace; a desulphurising slag will be fed in at point 3} in Fig. 8 of the
Paper and run co-current with the iron. The main oxidising slag will be fed in
at point 2 and melted by the hot air oil burner flame impinging on it. The
stoichiometric f‘uel/o2 burner will provide the heat and stirring for the reaction

FeO + C -» Fe + Co

between the slag and the metal.
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Casting

By having a series of six or more separate continuous vacuum de-gassing
syphons, it is possible both to control the hold-up time of the metal in the
furnace for refining and to continue operation while a certain number of vacuum
syphons or continuous casting apparatuses are cut of action. Each of these
vacuum extraction apparatuses can be raised or lowered a few inches separately
and each one feeds a small number of continuous casting apparatuses spaced out
so that all the continuously cast slabs or ingots run in parallel directions

through the cooling and rolling stages.

The scale-up law for continuous steelmelting and refining experiments should
be that the mass throughput (tons/hour) should increase as the cube of the linear
dimensions of the furnace. This is because the throughput of the process depends

rather on the residence time of the metal in the furnace than upon the surface area

of contact between the metal and slag. The system can be stirred sufficiently so
that the reactions can be regarded as going on throughout the volume of the metal

and slag rather than across the interfacial surface area.

A pilot plant on the ten tons/hour scale for a furnace to make steel con-
tinuously from molten iron consists of a fixed furnace with an auxiliary heating
flame of 0il or natural gas plus preheated air at the steel tapping end. In the
first experiments the steel would be withdrawn through a "tea-pot" spout as shown
but later a continuous vacuum-syphon de-gassing apparatus would be used and the
level of the metal in the furnace adjusted by varying the level of the metal in
the ladle into which the steel is being discharged by controlling the height of
this ladle. This ladle would of course be replaced by the multi-strand con-
tinuous casting moulds in the large scale apparatus. The molten iron is poured
in continuously at the other end of the furnace through a desulphurising slag
which i3 also fed in continuously at this end. A gmall amount of reducing slag
fed in immediately under the burner protects the metal in the steel withdrawal
end while the main slag consisting of finely powdered lime or limestone together
with a significant amount of iron oxide and a small amount of bauxite as flux is
fed in close to a small high velocity burner distillate oil or natural gas with a

stoichiometric fuel proportion in such a way that it causes violent agitation of

the molten metal. All three slags are fed in continuously and discharged
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together at a slag notch placed immediately under the combustion products offtake
near the end of the furnace where the iron enters, the scrap is charged in through
a door in the side of the furnace about half-way between the oxygen fuel burner
and the combustion gas offtake. The use of a f‘uel/oxygen lance means that no
fume is made and that sufficient heat is available both to oxidise most of the
carbon in the iron by means of the FeO charged in (thus increasing the yield of
metallic Fe per ton of metallic iron charged in) and also to melt a high proportion
of scrap. Moreover the proportion of scrap can be varied within a wide range by
varying the amount of f‘uel/oxygen to this burner and fuel/air to the auxiliary
burner at the hot end. The hold-up time of the slag in the furnace can be
controlled by raising or lowering a watercooled notch at the end of the slag
nozzle. This notch is covered with a layer of brittle frozen slag but the slag
is kept molten in the top part of the notch by a sting out of flame gases which
is withdrawn with a separate hood into the main existing hood.

The Advantages of Continuous Processes

1. Automatic control of quality, composition and temperature

By developing fully continuous sampling of the metal before and after
refining and analysing these samples in a continuous vacuum spectroscope to give
all the elements concerned, it is possible to control the quality, composition and
temperature of the molten steel by means of a computer and to verify that this

control is accurate.,

2. Each part of the gystem is designed for one process only

In the conventional open hearth furnace, arc furnace or LD vessel, the same
vessel has to serve the various functions of charging of raw materials, scrap
melting, slag formation, slag dischaxrge, the various refining processes including
the splashing due to oxygen lancing and containing the very high temperature final
metal which is poured out. The hearth is at some times not covered, at others
covered with £olid metal, and at others with liquid metal at various temperatures.
This means that the refractories above the metal level are subject to continual
temperature variations and to variations in aerodynamic conditions and splashing
go that their design has to be a compromise. Similarly, the material under the
bath has to be suitable for very varying conditions and for resisting attack by
slag as well as by molten metal. In a fully continuous process, these problems

can be completely eliminated.
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3. The use of a flame

In the final steel plant where one will have to melt more than 60 per cent of
scerap or sponge iron then a flawe for melting is quite essential. Even in the

intermediate stage of a process providing molten steel continuously from 60-80 per

cent molten blast furnace iron, the use of the two flames, one with preheated air
over the hot end of the furnuce to superheat the metal, make up heat losses and
melt and prepare the main slag gives a considerable number of advantages. They
reduce the fuel and oxygen costs. This 1s because the fuel in a straight oxygen
blowing process 1s entirely the carbon, phosphorous, silicon, manganese and up to
one per cent of the Fe coming from the blast furnace. This means that all the
heating reactions depend upon the use of extira coke in the blast furnace. Less
oxygen will be used in the continuous process with flame heating because at least

half the oxygen to combine with the carbon of the metal can come from Fe O melted

in the main oxidising slag. This alsc increases the amount of steel produced
per ton of blast furnace metal and this again reduces the coke used in the blast

furnace per ton of steel made.

The second main advantage of the flame is that one can use a much wider range
of raw materials, that is, going from 0% to more than 60% scrap and using light
or heavy scrap and one can cope with variations over a fairly wide range in the
temperature of the molten iron and its contenl of the heat producing elements,
carbon, silicon, phosphorous and manganese. Finally, the flame and the burning
of the oxygen with fuel means the complete elimination of fume and & much less

violent stirring acltion being necessary for the refining processes.

4, The advantages in the use of a counterflow slag

The metallurgical advantages of a counterflow slag are firstly that one uses
less than half as much weight of slag to obtain the same degree of refining in a
given steel because the slag leaving the furnace can have a very high concentra-
tion of the impurities since it leaves at a point where these impurities are at
the maxinum level near the incoming molten iron. Secondly, one can produce an

extremely clean steel.

5 Cost of buildings and ancillary equipment will be considerably less because

of the simplicity of the continuous steel-making process as compared to present

conventional processes,









