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? ABSTRACT
f/’
{, An ironmaking process has been proposed in which composite iron
ore-coal pellets are smelted to produce liquid iron. Studies have de-
\.
termined the manner in which individual composite pell2ts react, their

compositional limitations and the chemical compositions of the resultant

slag and iron. ,
(

. . \ . .
Laboratory reduction experiments were performed on various composite ~_

a

pellets bonded with bentonite, cement or calcium carbonate. Ore-coal i

pellets bonded with bentonite reacted to form a fayalite-type slag high \

in iron oxide content and.an iron melt low in carbon (2%) but high in

A}
. L]

sulphur (0.3%) contents. Ore-coal pellets which were made self-fluking
by being bonded with cement or calcium carbonate produced a basic slag

low in iron oxide content and an iron melt containifig aver 3% carbon and

‘below 0.05% sulphur. The off-gas from reaction of ore-coal pellets was

found to be mostly carbon monoxide and.hydrogen which in combustion with
oxygen is to gupp]y the hegt required by the process.

A computer model of the process was constructed using heat and
mass balance equations which illustrated the effects of changgs in process
variables on input material requirgments.ﬁ.Indications f;om a process
analysis are considered to be positive for an fronmakinn process based
on composite pellet sme]tiﬁb. However, the ultimate success of the pro-
cess will depen& on whether sufficient heat can be retained within the
reaction vessef where it is needed. To this'end, hot-model "pilot plant"

M
~0h
.,

i f

’

experimental trials are recommended.
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CHAPTER 1 :

INTRODUCTION

1.1 Direct Reduction %
Ironmaking techniques have developed over the years into two i
distinctly different process routes. Blast furnace smelting accounts é
for some 96% of the world's iron production, but advancing strongly in §
¢

recent years are several techniques commoniy known as direct-reductioq
processes. The most generalized definition considers direct reductian !
as any process that reduces iron ore to iron, other than blast furnace
smeiting. Some authors restrict diréct reduction to those processes
which reduce igon ore to sponge iron or metallized pellets, without
melting. However one defines it, a direct-reduction process invariably
seeks to be an alternative to blast furnace smelting as an ironmaking /j:>
process. <

Most of these alternative processes produce sponge-irop‘pellets ({/
of about 92% iron in one of two ways. Some reduce iron ore pellets or '\\;\ \\)
fines with hot hydrocarbon or hydrogen gases in retorts, shafts or ~
fluidized beds. Others use rotary kilns with coal or char as reductant
and fuel. After reduction, the sponge iron pellets, which are about
0.5 in. in diameter, or briquetted fines, are fed into electric-

arc furnaces to be melted and refined into steel. Short descriptions

; of the major processes will be delayed until the next chapter; here,

as an introduction, major reasons for considering direct reduction

are presented.
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,// When one considers the productivity and low fuel consumption per

\;on of hot metal produced, blast furnace smelting is far in advance of

v/
-- _..—~" other processes. If this is/the case, then why should one spend consid-

erable time and effort developing an alternative reduction technology?
The answer, or perhaps reasons, ar; complex and usually depend on a
variety of economic interacﬁions between geography, size of available
market, transportation, ava%ﬂabi]ity of raw materials (especially metal-
lurgical coal), existing hot metal capacity, capital costs, the avail-
ability of energy and in what form (gas, 0il, coal or electricity).
With so many factors entering the equation, justifications for direct
reduction will vary from one geographical location to another and from
one type of process to another. Another pitfall, is that any analysis
is time dependent because world-wide economic, technological or supply
conditions can change réﬁid]y.

Originally, the most important reason for interest in direct re-
duction was the shortage of high-quality coking coal which is necessary
for the operation of large modern blast furnaces. Regions with no suit-
able coking coal must import it and thus transportation costs and assur-
ances of supply become substantial factors in the cost of operating
blast furnaces. Regions with cheap natural gas or cheap electrical
power have used alternative processes for quite some time. Direct-
reduction processe&\ﬁgyﬁfﬁa‘need for coke and thus coke ovens and their
pollution control accessories can be eliminated.

" In order to take advanta;e of the increasing economy of large-

scale plants, -in terﬁ7/of dollars per ton of metal produced, the modern

blast furnace wign/§ﬁpport1ng facilities has become so large that an
o

PN
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immediate market expansion of an extra 2 to 4 million tons per year ig

needed for each new furnace, Equally distressing, is that such a blast
furnace facility would need a capital investméﬁt of well over $100
million. Also, the accompanying steelmaking facilities must be of
matching large capacity; again involving very large capital costs. Sub-
stantial hazards in financing and marketing face all but the giant steel

companies who wish to expand using the blast furnace route. On the other

R L

hand, direct-reduction processes using smalier, multiple units, can be v
geared to much smaller incremental inéreases and thus financing and
marketing problems become more manageabfé. This is particularly import-
ant to the Canadian scene where companies and their markets tend to be
in the medium to small range.

An increasing percentage of the world's steel is being manu-
factured in electric-arc steelmaking furnaces for which the major raw
material is steel scrap. In many regions, scrap is in short supply and
fluctuates so widely in price that the profitability of steel blants be-
comes very unpredictable. In order to dampen such wjde swings in supply
and price, directly reduced sponge-iron pellets can be melted as a scrap
substitute, or more likely, mixed in varying proportions depending on
their costs and availability. The major impetus to develop direct-
reduction plants in the 1960's was to rid the electric-arc melt shop. of
their total }eliance on the-scrap market.

« Most direct-redugpigp/prOCéiigg,usﬁ/fuels and energy in a manner
different from blast furnaces-fgﬁ/moreover, they use fuels and energy

that are not widely useful in blast furnaces. Lately, this is becoming

a mjor consideration. The total energy consumption of the direct-
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reduction route to produce a ton of steel will probably remain slightly

ol A < ol I RS N o oo

higher than the blast furnace route. However, due consideration should

oy

be given to the sources and availability of energy, which in blast furn-
ace smelting mainly comes from coking coals. Natural gas in the Middle
East, Mexico and Venezuela, and non-coking bituminous coals in North
A@erica and Brazil, are now becoming the alternative sources of energy
for iron production. Thus, the reduction processes to be used in future
will be chosen accordingly. The use of electrical power or heaf from a ]
nuclear reactor to produce hydrogen, for direct-reduction plants, would
seem to be (in Canadgy at least) a twenty-first century development. It
has become axiomatic that for éach region wishing to begin or even to
continue steelmaking, a comp‘ite analysis is most necessary, paying par-
ticular attention té energy sources, consumption, costs and avail-
ability.

Having discussed direct reduction generally, and shown where it
has advantages over blast furnace smelting in terms of size, costs and
energy, perhaps the best way to summarize would be to'say that direct N
reduction merits consideration because of its great adaptibility to the
prevailing conditions in a chosen region. Once a particular process is
chosen (e.g., gaseous/shaft or coal/kiln) then the range of flexibility
narrows scmewhat because input materials and operating parameters, which

\
control productivity and product quality, become dominant.

-



1.2 Proposed New Direct-Reduction Process

To meet the competition offered by the high-performance stand-
ards of the blast furnace, any alternative reduction process must use
iron oxide and fuel efficiently and under conditions in which the re-
duction reactions proceed rapidly. Sponge-iron reduction processes find

~it difficult to meet these conditions of high productivity because the
reducing gas must diffuse to the pellet centres and because the operat-
ing temperatures must be kept low to prevent the pellets from fusing.

A process which increases the rate of reduction by intimately
mixing reductant and iron ore, and which operates at high temperatures
to produce liquid iron would have a distinct advantage over sponge-iron
processes. Also, sponge-iron pellets are usually melted §nd refined in
electric-arc steelmaking furnace; and it has been shown that operating
costs increase substantially as the entrapped gangue content of the
pellets increase. Thus, the iron ore concentrate from which the sponge
iron pellets are produced, should have a very low gangue content (less
that 4%) which cannot be met by many iron ore sources without undue
penalties in cost and recovery. Lqw sulphur fuels and coals with the
correct ash properties should also be'used in sponge iron production. A
process which produces liquid iron and slag does not have such stringent
restricfions. .

With the above reasons in mind, a new direct-reduction process
is proposed which is radically different from any of the sponge-iron
processes. Iron ore, coal and possibly lime are mixed intimately and

formed into composite pe11et§ which are then reacted at hiﬁh.tempera-

tures, within a body of foaming slag, to produce liquid iron. The slag
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is foamed by the off-gases, very rich in carbon monoxide and hydrogen,
which escape frdh the reacting pellets. Oxygen is lanced within the
bodyuo€7the foaming slag to cause direct combustion of the off-gases
which provides the thermal energy needed for the reduction reactions..
Also, the oxygen and combustion gas products further the course of foam-
ing. The pellets, in turn, are buoyant within the slag and when reduc-
tion and heating are complete, the heavier iron droplets fall to the
1iquid metal bath be]ow:

The slag normally acts as a holding medium for sulphur, phos-
phorus and gangue constituents, but also has the important funct1opﬂof
transferring the hea? from combustion t the reacting pellets and“to the
metal bath. This is possible because the combustfon takes place within
the body of the slag. This process has the possibility of being made
c;ntinuous by adjusting the pellet feed rate and the tapping of.both
fron and slag. Figure 1.1, illustrates the pertinent aspects of the
process and also shows some of the generalized chemical reactions. The
combined reactions within an individual pellet are endothermic and need
the heat supplied by the highly exothermic combustion reactions.

This process could lead the way towards continuous iron- and ‘
steelmaking; towards decreasing our dependence on blast furnaces and
ccke ovens, serious sources of pollution; and towards a ;ource of virgin
iron'whichgis badly needed by the smaller Canadian stee]_companies who
are Qnabl;-financially to build blast furnaces. It i1s also perceived
that this process could be more economiga] in that both capital and
operating costs could be reduced and that it could Qe more efficient in
its use of energy than conventional ironmakinég \fbwer ranked non-coking

coals could be used as both reductant and energy sources.
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COMPOSITE
PELLETS
OF IRON ORE

LIME

FLUX +

7

COAL OXYGEN

Foaming

— Slag

|_Combustion )

Zone

Slag Tap

lron Bath

ORE REDUCTION

Fe, Oy+ yC =XFe +YCO
Fey Oy +yCO= XFe +YCO»
Fey Oy + yH2= XFe +YHZO

GAS REGENERATION WITHIN PELLET

CO,+C=2CO
H20+C = CO+H»

COMBUSTION

2C0+0,= 2C0,
2H2+02= 2H20
C+02= CO2

b

Figure 1.1: Illustration of proposed direct-reduction process.
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The Canada Centre for Mineral and Energy Technology (CANMET), a
branch oﬁ\the Department of Energy, Mines and Resources, Ottawa, holds
patent pr&&ection(]) on this process. This investigation was undertaken
as part of}a CANMET Research Agreement, 1972-74, entitled "Coal Energet-

ics in High Temperature Iron Ore Reduction".

1.3 Objectives of Present Work

This project is undertaken as a teEﬁ;;TEhica1 investigation into

a direct-reduction process in which 1iquid iron would be produced via

the reduction of ‘composite pellets of iron ore apd coal. Since this
process has no previous history, the. project should begin, necessarily,
as an overview to high-light difficu]fies and then to investigate some of
the more prominent. 1In particu]ar; reduction experiments must be per-
formed on individual composite pellets of varying compositions*ﬁﬁ/order
to determine the manner in which the pellets react, the limitatiofis of
the process, the chemical composition of tpe resultant 1iquid irbn and
the composition of the off-gas which must Bg pyrned to supply the pro-
cess energy. Finally, computer charge calculations incorporating heat
and mass balance equations will be used in an overall process analysis.
[t is recognized that other, very important aspects will need to
be investigated at some later date. Some of these are, oxygen lancing
and foaminé of slags, heat transfer from combustion to the reacting )
pellets, and the danger of re-oxidatijon of.the metal droplets by,tﬁe
oxygen before they reach the metal bath. These aspects, although impor-
tant, are beyond the scope of the present work as they can be investi-

gated best under pilot-plant conditions.
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1.4 Structure of Thesis

In order to set the proper tone for a presentation of this work,

it should be emphasized that this is a Taboratory investigation which

seeks information about a process with accuracy sufficient to allow a

move onward towards the next stage - a pilot plant.

This thesis is structured so that the four areas of immediate

concern are presented sequentially, as follows.

a)

b)

Reduction experiments on pellets of various compositions to find
potential limitations of the process and the chemical composition of
the resultant iron product.

A metallographic éxamination of the internal microstructure of
various partially-reduced pellets in order to obtain a clearer
understanding of the reaction sequences taking place within each
type of pellet during reduction.

An analysis of the off-gas from pellet.reduction in order to calcuf
late how much heat may be made available from combustion of the off-
gas with oxygen.

An analysis of the proposed process incorporating heat and mass
balance equations in order to show the effects of prucess vari-
ables, such as temperature and product specifications, on materials
input and output (1iquid iron and slag).

A generous use of appendices has been made in order to house de-

tailed calculations and explanations. These appendices are at the edd

of the thesis and are identified by their related chapter, e.g., A3.3

is the third appendix to Chapter 3.
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~ CHAPTER 2 TN
REVIEW OF IRON ORE REDUCTION PROCESSES

2.1 History of Ironmaking -

Ironmaking has a long history, reaching back into antiquity some
3000 years. The deliberate reduction of iron ore to produce a material
for tools, cooking utensils and weapons heralded the Iron Age of man.
Iron was made by putting charcoal and iron ore in a shallow heartﬁ and
an intense heat was generated by directing air at the burning charcoal.
The combustion of the charcoal created a reducing gas which removed
oxygen from the iron oxide in the ore. The temperature was not high
enough to melt the iron but some impurities in the ore did melt and the
reduced iron bqggme a hot pasty lump which when removed from the fire,
was Hammered into shapes. This was called sponge iron because the re-
moval of oxygen from iron ore, without melting, leaves a honey-combed
structure that resembles a sponge.

Over a long perioq of time, the primitive hearth was augmented
with a stack which conta%%ed deeper beds of charcoal and ore, and the
force of the air blast was increased. In this manner, the production
of iron was increased and fuel consumption decreased because the gases
which ascended the stack from the hot zone, preheated and prereduced
the ore. Sometime during the 14th century, ironmakers found that when

measures were taken to increase the temperature, the iron absorbed more
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carbon and its melting point decreased. As a result, molten, carbon-
saturated iron collected at the bottom of the shaft in the hearth, from
which it could be tapped and run off at intervals. The oxide impurities,
mainly silica, alumina and lime, formed a molten slag which floated on
top of the 1iquid iron and was discarded after being tapped from the
furnace. Charcoal as fuel eventually gave way to coke about the year
1700 and in 1824 a preheated air blast was first used which greatly in-
creased the hearth temperature, ease of operation and productivity. This
evolution, over some 500 years, led to the modern blast furnace which

today is the predominant means of reducing iron ore.

ORI
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2.2 The Blast Furnace

2.2.1 Advantages
During the past thirty years there has been some remarkable ad-

vances in ironmaking techniques, though the process itself has remained
basically unchanged. The very high productive capacity of the modern
blast furnace, 5000 - 12000 tons per day depending on its size, is
attributed to its basic simplicity in both construction and operation.
The furnace itself is a simple, vertical shaft through which the materials
(ore, coke and limestone flux) move from top to bgttom by only the force
of gravity. Preheated air is blown into the bottom through tuyeres to
burn the coke and provide the heat required for smelting. A relatively
high thermal efficiency results from the countercurrent flow of ascend-
ing gases and descending solids. Carbon monoxide, hydrogen and nitrogen
Teaving the combustion zone at very high temperatures ascend through the
furnace, transferring most of their sensible heat to the descgnding
charge. A major portion of the ore is reduced by the carbon monoxide
.and hydrogen in the upper part of the shaft, but the final reduction and
carburization of iron, some reduction of silica, and desulphurization of
the iron by the slag, take place in the lower part of the shaft and in
the crucible where higher temperatures prevail. The hot metal or molten
pig iron usually contains about 4% carbon, 1% silicon and 0.030% sulohur.
This metal can then be refined into steel by oxidizing most of the car-
bon, silicon and other impurities from the iron melt. In providing the
most economical source of molten iron, in very large quantities, the
blast furnace has strengthened its position as a major supplier of iron

for steelmaking.
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The history and tegﬁno]bgy of ironmaking is well presented in the
two-volume set, "Blast Furnace - Theory and Practice"(z). Metallurgical
principles and such topics as gas/solid reactions and slag/metal re-
actions are covered adequately in standard texts, e.g., "The Reduction
of Iron Ores" by von Bogdandy and Enge11(3), and "The Physical Chemistry
of Iron and Steel Manufacture" by Bodsworth and Be11(4)

2.2.2 Energy Requirements

Many improvements in blast furnace technology such as larger
furnaces, burden preparation, higher blast temperatures, oxygen and fuel
injection through the tuyeres and high top pressure, have increased the
production rate and decreased the fuel raté to a considerable degree. A
coke requirement of about 1100 1b/ton hot metal (550 kg/tonne) is con-
sidered to be good practice when using high quality ore in the form éf
pellets and sinter and high temperature air blast. Hydrocarbon ‘fuels,
such as coal tar, oil, gas aqd powdered coal may be injected through the
tuyeres and hence replace coke on a pound for pound basis up to say,

300 1b/ton hot metal (150 kg/tonne).

The number of papers and the amount of detail published in the
past few years on energy requirements of different reduction processes
has been overwhelming, and confusing. Advocates of particular processes
advance supporting data at variance with others. This is not surprising
since in the construction of a generalized energy balance, it is diffi-
cult to keep track of the many credits\and debits which, in the case of

the blast furnace, include such items as top gas, coke-oven gas and coke

breeze.
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E11iott(5) has used statistics from 1972, published by the
American Iron and Steel Institute, to illustrate energy flow patterns
in the production of steel. There is a wide variation throughout the
industry in the amounts of energy used in each operation, principally
because of the nature and availability of raw materials. Table 2.1 lists
the average net energy requirements for different operations. The
figures do not include energy used in the transportation of raw materials
or products, nor the energy used for raw material preparation, e.g., ore
beneficiation. However, the figures do include those items which are of
a dual nature, such as coke oven gas, which is used for underfiring the
ovens and augmenting blast furnace gas in the stoves, in addition to be-
ing exported to other areas of the steel plant. Firing to harden pellets
(induration),was considered to consume about the same amount of energy
as sintering, although this would depend on the type of ore and particu-
lar method employed. Undersized coke, known as coke breeze, was consid-
ered an output (credit) from the coking operation but an input to sinter- )
ing (debit). It can be seen from Table 2.1 that the blast furnace opera-

tion by itself consumes about 14 x 106

Btu/ton hot metal. Basic oxygen
furnace steelmaking requires very little energy and most of what is
needed is e]ectrifa] energy required to manufacture oxygen. Steelmaking
via melting steel scrap in electric-arc furnaces consumes about 6.5 x 106
Btu/ton raw steel. The electrical power consumed in this case, 545 kWh/ton,
was converted to an energy value after considering that it takes about
10,000 Btu to produce 1 kWh in a thermal electric plant (35% efficiency).
For hydro-electric power, perhaps a straight thermodxnamic conversion

of 3412 Btu/kih is best.
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PROCESS PRODUCT Btu/ton kdJ/tonne
Agglomeration
(Sinter or Pellets) agglam. 2.3 2.4
Coking coke 5.4 5.6
Blast furnace hot metal 14.0 14.6
Basic Ox. Furn. raw steel 0.65 0.68
Elect.-Arc Furn. raw steel 6.5 6.8

Table 2.1: Average net energy requirements in 1972 for

processes employed by the American steel industry

15
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The International Iron and Steel Institute has published a
study(s) on energy usage in the stng industry using data from 1973-74.
It also includes model steel plant studies utilizing the most up-to-date
technology so that energy consumption figures from diverse plants, old
and new, can be compared with the "target" or most desirable values.

The Government, Energy and Minerals Committee of the Iron and Steel
Society, AIME, has extracted data from this study and has published its
findipgs(7) in the form of two tables.

Table 2.2 shows the details of the energy consumption for a
typical (American) blast furnace. Table 2.3 shows the type of energy
efficiency that may be obtained according to the 1ISI model energy
balance study. It can be seen that the net energy consumed using "best
technology" is 19.48 x 106 Btu/ton hot metal (20.3 x 106 kd/tonne)
compared to 23.16 x 10° Btu/ton hot metal (24.2 x 10° kJ/tonne) which
was the average for a typical 1973 American blast furnace.

Trends iﬁ blast furnace technology ca£\>e illustrated by compar-
ing the itemized va1uesj§§ the two tables. For instance, blast furnaces

will use véry‘litt]e or no direct shipping ore; a blend of pellets and

isinter will prevail. The coke rate will decrease mainly due to increased

tuyere injections of gas and oil, and oxygen enrichment of the air blast.
Although not noted in Table 2.3, powdered coal also will be injected
through the tuyeres. All *hings considered, there is very little doubt
that blast furnace ironmaking will continue to improve and will remain

the predominant iron ore reduction process for quite some time.
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Unit per ]06 Btu 106 Btu per
Unit net.ton per unit net ton
of product of product
Consumption
Iron ore (sized) net ton 0.408 0.725 0.30
Pellets net ton 0.759, 2.67 2.02
Sinter net ton 0.459 7 2.47 1.13
Coke net ton 0.597 31.50 18. 81
Limestone net ton 0.232 0.24 0.06
' Refractories 1b 5.0 0.0125 0.06
‘ Fuel oil gal 4.93 0.150 , 0.74
Natural gas’ 10° cu.ft 0.325 1.00 0.33
Coke oven gas 10° cu.ft 0.121 0.50 0.06
_ Blast furn. gas 10° cu ft  28.57 0.095 2.71
§ Oxygen 0% cuft 0,200 0.183 0.04
Electricity* kwh 25.0 0.010% 0.26
Steam 10% 1 1.2 1.00 1.20
o Sub total 27.72
Production -
' Blast furn. gas 10% cu.ft  48.04 0.095 -4.56
Net Energy Consumption . 23.16
*Includes 10 kwh for raw materials handling

7

Table 2.2: Details of energy consumgtion for a E}pica] 1973
American blast furnacel7).
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Unit per  10% Btu  10° Btu per
* Unit net .ton per unit net ton
of product of product
Lonsumption
Pellets net ton 1.162 2.67 3.10
Sinter net ton 0.498 2.47 1.23
| Coke net ton 0.400 31.50 12.60
Refractories 1b 5.0 0.0125 0.06
Fuel oil gal 16.6 0.150 U 2.49
Coke oven gas 103 cuft  1.305 0.500 0.65
Blast furn. gas 103 cu.ft  16.03 0.085 1.36
Oxygen 103 cuft 0.671 0.183 0.12
Electricity kwh 120.0 0.0105 _1.26
Sub total 22.87
Production
Blast furn. gas 103.cuft 39.9 0.085 -3.39
Net Energy Consumption 19.48
Table 2.3: Projected energy consumption in a modern blast furnace(7).
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2.3 Direct Reduction Processes

2.3.1 Historical Development J

Developing-parallel to the blast furnace, are other methods of
ironmaking commonly known as diréct—reduction processes. The earliest
direct-reduction furnaces were of course, the sponge iron hearths which
were in use before the advent of the blast furnace. One of the first
deliberate attempts to challenge the®ast furnace was in 1869, when
Siemens, in Northhamptonshjre England, mixed crushed iron ore and coal
in a rotating kiln. The resultant hot sponge iron fell into a bath of
liquid pigViron which was then refined to steel in his newly developed
open-hearth fumace. He had hoped to gain economy of fuel and a higher
quality of steel but had to abandon his attempts because the costs were
too high and the iron (steel) contained excess impurities of sulphur and
phosphorus. He believed that Qis difficulties could have been avoided
with richer and purer ores and fuels with.less sulphur.

The next attempts were made in Swéden‘in the 1920's, where a very
rich iron ore deposit, of low phosphorﬁs content, provided favourable

conditions for the solid-state reduction of 4;;n by the Wiberg process.

Iron ore was fed inte the top of a vertical shaft and- a hot reducing gas

mixture of carbon monoxide and hydrogen was pa§§ed upward through the
furnace. The sponge iron product was removgd through a rotary discharge
unit at the bottom of the shaft. The Swedish experience demons trated
that granules ér pellets of sponge iron could be prnduced,oh a continuous
basis but in order to make use of this material, it was necessary to

melt it so that the entrapped gangue could be removed during refining and
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the steel could be poured into ingot molds. The blast furnace route
still had the advantage because it produced liquid haot metal which could
be converted readily to steel by oxidizing the carbon, silicon and other
1mpur§ties from the melt. The extra cost to melt sponge iron curbed any
general interest in direct reduction for some 25 years.

About 1950, electric-arc steelmaking became a major means of

P

melting and refining solid steel scrap. Previously, this method had

been confined to the more expensive alloyed steel, but with improvements
in electric furnace technology, plain carbon steels made in large
tonnages became possible. Within a few years it was realized that sponge
. iron pellets could be considered as a purer form of iron than scrap and
the quest was on to develop direct-reduction processes wh%ch would pro-
duce a scrap substitute for electric-arc steelmaking.

The field of direct reduction has not been neg&ected by the
world's metallurgical community; the rgward for % success ful process is
high, but equally high is the‘casualty rate. More than 1000 processes
have been patented; more_than 300 have been experimentally tested; only
abodt 50 reached the pilot-plant stage and of these only about 8 have
reached large scale engineering or actual production. A comprehensive

(8)

tabulation of the more durable processes was published in 1967 by the

European Coal and Steel Community. The great speed with whi
cesses are introduced and accepted or, more usually rejectgd, can be
gauged by the fact that the Midrex(]]) process is not to fpe found on
that 1ist. In 1977, Midrex was the most successful with 7 plants pro- !

)

ducing sponge iron pellets at the rate of 2.7 million tons per year.
\
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The many direct-reduction processes may be separated into a few

" generic classes. Processes which produce sponge iron or me%;]]ized pellets

can be divided into two groups on the basis of the type of reducing fuel ,
used; those that use gaseous hydrocabeps and those that use solid
reductants, such as coal. Sub-groups also may be formed on the basis of
the type of reduction vessel used. The vessels in which the reduction
takes place may be retorts (static pellet bed), vertical shaft furnaces
(continuous pellet feed), fluidized beds (continuous fine particle feed),
and rotary‘ki]ns (continuous pellet feed).

(9,10) in the open

There are many papers and conference proceedings
o,
literature which describe many of the different processes and hence a
. ] ~ ‘
literdfure survey will not be attempted here. Pertinent references

however, will be given.
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2.3.2 Gaseous Shaft Reduction

In gaseous shaft reduction, a hot mixture of carbon monoxide and
hydrogen is usually obtained by taking a portion of the process off-gas
containing carbon dioxide and water vapour and reforming it with natural
gas (me?ﬂane) at about 100D°C in the presence of a catalyst. Also, in
recent years, there has been an increased interest in the use of/coke
oven gas and coal gas1f1cat1on to produce the reducing gas mthUres

Figure 2.1 illustrates the essentials of the Midrex process(]]’]2’13).
There are three separate processes; the generation of reducing gas, the
reduction of ore and cooling of the product. The top gas leaves the furnace
at about 400°C and contains about 30% CO2 and water vapour. It 1is washed
and cooled to remove the water vapour by direct contact in a water
scrubber, where the dust content is also reduced. The bulk of this gas
is compressed, mixed with fresh natural gas and passed into the reform-
ing furnace. Here it is catalytically converted to a reducing gas of
about 95% CO and H2, which is then passed, at about 950°C, to the re-

ducing shaft above the cooling zone. The remainder of the top gas, with

additional fuel, is used for firing the reformer. Iron ore pellets,

_which had been indurated previously at a pelletizing plant, are intro-

duced at the top of the shaft and descend counterflow to the reducing
gases. Carbon dioxide and water vapour are produced in the reduction
reactions which together with unreacted C0 and H2, leave the furnace as

top gas. The passage of the ore pellets through the reduction zone
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Figure 2.1:

Flow sheet of the Midrex iron ore reduction process.’
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takes about 5-6 hours. The metallized pellets are cooled in the lowest
part of the shaft, where gas, mostly nitrogen and some reducing gas, is
passed countercurrent to the descending pellets. This gas enters at
about 30°C and leaves at about 400°C. The pellets pass through the
cooling zone in 5-6 hours and are discharged at about 40°C.

The product is a sponge iron pellet, containing 92% Fe and about 1%
carbon, which is then conveyed to an electric-arc steelmaking shop. Two
units at Sidbec, Contrecoeur, Quebec have a combined capacity of more
than 1 x 106 tons per year. Energy requirements(]]’]z) are given as
12.0 x 106 Btu/ton iron pellets (12.5 x 106 kJ/tonne) for natural gas and

140 kWh/ton (0.5 x 106 kJ/tonne)* for electric power. Hence, the total

energy requirement is 12.5 x 106 Btu/ton iron pellets (13.0 x 106 kd/tonne) .

Other gaseous shaft reduction processes of significance are Armco(]4)

and Purofer(]s) but these will not be described here as the principles

are similar to Midrex.

~—

~

* 1 kWh = 3412 Btu = 3600 kJ
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2.3.3 Rotary Kiln Reduction

The SL/RN (Stelco, Lurgie/Republic Steel, National Lead)

Process(]6’]7’]8)

is a rotating kiln process which uses a solid reduc-
tant. A kiln capable of producing 400,000 tons of sponge iron pellets
per year has been built by Stelco in north-western Ontario and will
supply Stelco's electric-arc furnaces in Edmonton, Alberta and Contrecoeur,
Quebec.

Figure 2.2 shows a schematic flow diagram of the SL/RN process.
The charge to the kiln consists of indurated iron ore pellets, coal, re-
cycled char and dolomite for sulphur control. These materials travel
through the kiln counter;prrent to the heating gases and discharge,
about 5 hours later, into a rotating drum cooler through a gas-tight
seal. The kiln is fired from the discharge end by any type of fuel, but
in addition to the end burner, air, and natural gas when required, is
blown into the freeboard area above the charge through burner tubes
located along the length of the kiln. This is to maintain a controlled
longitudinal temperature profile by burning CO from the reduction zone and

volatiles from the coal. The charge materials reach a temperature of

about 1000°C as they pass through the kiln and gases from the coal reduce

“the ore pellets to sponge iron. The hot products, consisting of sponge

iron, unr~acted coal char and gangue, exit the kiln via a transfer chute

into a rotary cooler whé(g they are cooled to about 100°C. The cooler
B
discharges onto a combinatio@t)f screens and magnetic separators which

_ separate the metallized iroﬁ'pellets, recycles the coal char and dis-

cards the waste.

R N
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Figure 2.2: Schematic flow diagram of the SL/RN iron ore
reduction process.
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Data on energy requirements are lacking. A gross fuel consump-
tion of 23 x 106 Btu/ton sponge iron was reported by Ste]co(]g) as a
tentative figure. This was achieved during start-up trials just before
the kiln was shut down because of depressed market conditions. A recent
review paper(]g) estimates that the energy consumption for SL/RN can be
expected to be 19.9 x 106 kd/tonne Fe (19.0 x 106 Btu/ton Fe) for coal
and 60 kwh/tanne Fe. A rotary kiln process, very similar to SL/RN, has
been developed by Krupp(zo) in which it is claimed that the energy con-

6 13/tonne sponge iron (16.0 x 10° Btu/ton).

sumption amounts to 16.7 x 10
This value appears optimistic in light of Stelco's experience but it does
indicate the potential energy consumption for a rotary kiln process.

!

Allis-Chalmers have developed ACCAR(Z])

, a rotary kiln reduction
process in which hydrocarbon fuels are injected beneath the charge
materials along the length of the kiln; otherwise, it is also similar to

SL/RN. A commercial operation is planned at Sudbury, Ontario.
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2.3.4 Smelting Reduction

There are a number of reduction processes which produce liquid iron
rather than sponge iron pellets. One of these, electric pig-iron smelt-
ing, has been used in Norway since the 1920's and is called the Tysland-

Hole process(zz)

after its two Norwegian developers. Iron ore sinter
and coke are charged into the smelting furnace to surround large e]eé—
trodes. In this type of submerged-arc reduction, the required heat is
generated by the electrical resistance of the coke bed .ather thaé by an
open arc. The process requires about 300 kg carbon as coke and 2000 kWh

per tonne hot meta1(22).

Although the electric power required is sub-
stantial, it is produced by a hydro-é]ectric generating station. Hence,
using the thermodynamic conversion factor of 3412 Btu/kWh (3600 kJ/kWh),

6 Btu/ton hot

the net energy consumption is calculated to be 15.3 x 10
metal (16 x 106 kd/tonne). Electric pig-iron smelting is energy inten-
sive and over the years, the desire for some preheating anq prereduction
of the ore, before charging, had led to several processes which combine
a shaft, kiln or travelling grate with the eleclric smelting unit.

In order not to rely on electric power, and yet gain the advantages
of producing liquid iron rather than sponge iron, other processes have .
been developed, although for various reasons, they have not progressed
beyond the.pilot-plant stage. It has been-shown that it is pg;sib1e to
reduce ore and melt iron in one furnace using a solid reducing agent and
oxygen. Iron ore was reduced by carbon and the emanating carbon monoxide

was burnt with oxygen to supply the required heat. The leaders in de-

veloping this type of smelting-reduction process .are the Swedes, who in
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the 1960's extended the use of their rotating oxygen steelmaking furnace
(Kaldo) to produce pig iron. Unfortunately, this new process, named

23,24)

DORED( , was abandoned in 1970 because of excessive lining wear,

mainly due to the high iron oxide content of the slag.
To overcome the refractory wear problems, the British Iron and

Steel Research Association (BISRA) developed a process(zs)

whereby a kiln
was rotated at very high speeds. Centrifical forces caused the liquid
iron to spread evenly over the refractory surface and thereby protected
it from the 1i§hter iron oxide-rich slag. An Italian development, called
ROTORED(26) proceeded in a similar manner except that the cylindrical
Qesse] was vertical. -

In Sweden, smelting-reduction has been studied and promoted by
Prof. Sven Eketorp of the Royal Institute of Techno1ogy,>$tockho]m. The
Eketorp-Vallik reactor, a stationary furnace, was the base of the EV-

(27)

Process in which iron ore concentrate was fed onto a bath of high-

carbon iron. The reduction was carried out with the oxides in the molten
state and the carbon in the bath was continuously replenished with oil, ‘
gas or powdered coal which was blown directly into the-bath. Hydrogen

and carbon moﬁ;xide which escaped from the bath were burnt with oxygen
directly above the bath to supply the necessary heat. rﬂt was here that
the operating problems lay. Far tOOA%UCﬁ heat‘was created above the

bath and not enough heat was transferred to the bath.

Eketorp has published a number of papers(28’29’30)

on the funda-
mentals of iron- and steelmaking processes which emphasize the advantages

to be gained by smelting-reduction.

7
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2.3.5 Ore-Carbon Pellet Reduction

There are many papers in the open literature on reduction aspects
of iron oxide and carbon pellets. Most are of a fundamental nature and
study reaction mechanisms and kinetics of the system. Unfortunately,
there has beerVery little industrial application. Prereduced ore—coke(3])

(32)

and ore-coal pellets suitable for blast furnace feed were investi-

gated some years ago and lately, there have been a number of atteWpts to
smelt ore-carbon pellets in cupo1as(33’34). Laboratory studies(35’ 6f_on
the reduction of iron oxide-carbon composites to liquid iron have shown
that reduction at high temperature is possible even in an atmosphere of
pure oxygen. These studies also showed that should the carbon reductant
contain sulphur, then most of that sulphur would transfer to the iron
melt. The present inJestigation, outlined in Sections 1.2 to 1.4, will

attempt to further the development and use of composite iron ore-coal

petlets, in ironmaking processes.
\-\n_..,—\
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2.4 Summary - Alternate Routes to Steel

Eketorp Z@} c0nbﬂﬂgd the iron-oxygen and iron-carbon phase diagrams
to illustrate the a]ternat1ve routes which may be taken to obtain Steel.
In Figure 2.3, the blast furnace route is shown as the path ABCD. Iron

N -
ore pellets and sinter are reduced to iron which then melts and becomes

carbon satura%ed. efter being taﬁped from the blast furnace af C, the

hot metal is converégd to steel along path CD, usually by a basic oxygen
steelmaking process. Direct-reduction processes which produce sponge iron
pellets, AB, aré usually linked to electric-arc steelmaking, BD. A

route(37)

from iron oxide to steel in which the oxide is melted, AE, and
then deoxidized by the injection of carbon, ED, is direct steelmaking in
its truest sense. However, the very great problem of holding mo]pen iron
oxide in a vessel has proven to be a formidabie barrier to its develop-
ment. Smelting-reduction and the reduction of composite iron ore-icoal
pellets as envisioned in the present investigation is shown as pat% ABC'.
Conversion of the hot metal to steel, path C'D, by the basic oxygeL pro-

cess may be performed in the same vessel after decanting the primary slag,

or in a separate steelmaking vessel. -

oo
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CHAPTER 3
LABORATORY REDUCTION OF PELLETS

3.1 Introduction

An.investigation into a proposed process which has no prgvious
history should begin by quantifyfng in a 1aboratory,'those ideas put for-
ward in more general terms. For instance, the very first stage of exper-
imental work must identifv major characteristics of the system and find
the potential limitations of the proposed process. ‘In this case, pre-
liminary questions need to be answered about the optimum quantity of
¢oal a pellet should contain, and about the chemical composition of the
metal product when such pellets are reduced. In kggping with this
modest approach to.a rather complex process, simple tests on a labora-
tory scale were carried out, and as knﬁwledge accumulated, new methods
and ideas were tried. It can be appreciated that many experiments show
what does not work, and although usually unreborted, they nevertheless
contribute to the kﬁowTedggjof the process and to the success of the
next experiment.

The concept that an ore-coal pellet, when heated, is self-reducing
and has no need of a surrounding slag, greatly simplifies experimental
techniques. In order to observe directly the making of ison, the pellets
were dropped into an alumina crucible held within a furnace at 1560°C,
to be reacted comp]efely ;1th1n a self-created reducing atmosphere.

This atmosphere was created partly from the gasification of the coal in
the pellets and partly from the reduction off-gases. After cooling, a

metal button was available for chemical analysis. This procedure, to
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be described later in more detail, was kept as routine as possible in
order to lessen experimental variability and to determine effects
specifically due to pellet composition. \

The following sections will specify the raw materials used and
w&]] outline the experimental procedure. Then, the results from the re-
duction of bentonite-bonded pellets and self-fluxing pellets will be

presented.

3.2 Raw Materials

3.2.1 Coal

The coal used in this investigation was prepared/by powdering in
a disc pulverizer, and all that passed through a 50 meéh sieve was con-
sidered satisfactory for pelletiz¥ig. This coal is c]assified as bit-
uminous high volatile A, and'the proximate analysis, on a dry basis, is

as follows.

Fixed carbon............ 59.1%

Volatile matter......... 36.2%

ASH . erieineeneencanns 4.7% (54.5% S1'O2
(33.5% A1203

Sulphur....oovevennnn .. 0.72%

Complete chemical and sieve analyses are given in Appendix A3.1.




-

3.2.2 1Iron Ore

The iron ore concentrate, supplied by the Sherman Mine, Temagami,
Ontario, was found to.be finely ground magnetite; 73% minus 325 mesh,
The chemical analysis of the concentrate is as follows|
% Mg0 % K,0 %S

3 2
68.1 5.23 0.3 0.3 0.05 0.063 }

% Fe % S1'02 % A]ZO

The sulphur level was excessively high for this concentrate which was

shipped wet in a barrel, and then oven~dried in open pans. Although the

reason for the su]phﬁr pick-up could not be traced, the sulphur content
was uniform throughout the batch and thus was not considered prejudicial
to experimental results. Indeed, since low sulphur coals are becoming
more scarce, it was originally considered that, perhaps, raising the
coal sulphur content to 1% by the addition of FeS would be advisable.
This became unnecessary since the additional sulphur load from the ore {
achieved the same purpose. The origin of the small amount of extra
sulphur within the peliet, i.e. from ore or coal, was considered to be |
immaterial to the resultant iron. _ . C_“/r
3.2.3 Bentonite ‘ ‘ L
The Wyoming bentonite used as a binder for the ore-coal pe11efs
was not chemically analysed. However, since the pellets contained a
maximum of 2% bentonite, it was considered reasonable to use the follow-

\
ing typical composition(38)f0r calculation and discussion purposes in . ) %

this work.

I

65% 5102, 18% A]203, 3% F8203, 3% (Ca0 + Mg0), 3% (Na20 + K20)

8% Loss on Ignition

A}

The bentonite was analysed for sulphur, however, and was found to ¢

contain 0.38% S. °



36
3.3 Procedure

3.3.1 Furnace Design

A vertically mounted, molybdenum wound, tubular resistancé\fprnace
was used for this investigation, as illustrated in Figure 3.1. The
furnace drew power from a proportional power controller (Barber-Coleman,
Series 621) driven by a null balance millivoltmeter controller (Barber-
Coleman, Model 377) which received the output from a Pt/Pt 10% Rh control
thermocouple. The power controller limited temperature variation of the
furnace to within +2°C. 1

The working tube, which was fitted inside the furnace tube, was
of recrystallized alumina (McDanel 997), 785 mm long, and had an internal
diameter of 42 mm. IE was clﬁsed at top and bottom with water-cooled
brass heads which were sealed to the tube with "0 rings. The head at
the top, had an off-gas outlet tube and a‘20 mm diameter hole, through
which pellets couid bé added. The hole was stoppered with a rubber bung
which contained an optical flat so that pellets which were being reduced
could be observed directly. The head at the bottom was fitted with a
gas inlet tube and a central air-tight swage-lock fitting, through which
a closed-end alumina thermocouple sheath was inserted. This sheath
supported the crucible in the hot zone and also allowed monitoring of
the crucible température. The crucibles were of recrystallized alumina,
64 mm high and 35 mm dia., which just fitted into the working tube and
could be lifted up without tipping, into the hot zone by the thermo-
couple sheath. o

The temperatdre variation of the hot zone at 1500°C was *2°C

\

over 25 mm. The experimental temperature was mon%ﬁored at the bottom of

the crucible by a Pt/Pt-13% Rh thermocouple, the dutput of which was

read with a null-point potentiometer.
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3.3.2 Experimental Technique

A laboratory pelletizing wheel was constructed using a 400 mm dia.
rubber tire which could produce 1000 gram batches of pellets. However,
it was found that the crggib]e experiments needed only 20 to 30 grams and
since the pellet compo§;tion changed with each experiment, it was far
more convenient to mix tﬁe ore, coal and binder with just enough water
to make a viscous paste and then form the pellets by hand. All spherical
pellets throughout the inves%igation were 11 +2 mm dia. after drying.

The following describes a typical experiment and, as mentioned
previously, the procedure was kept as routine as possible so that results
reflected differences due only to pellet composition. A crucible was
held in the hot zone of the furnace at about 1520°C while the working
tube was flushed with argon. Three pellets, of about two grams each,
were dropped some 350 mm through the hole in the top head and into the
crucible. The optical flat assembly was replaced in the hole and the
argon flow was shut off. A large volume of off-gas and soot formed
immediately, but after about 15 sec. the soot in the off-gas cleared and
this allowed direct observation of the reduction process through the
optical flat assembly. Since the peliets were cold when added to the-
crucible,” the crucible temperature dropped some 20°C. Hence, during a
typical run of about 6 min. duration, pellets were added each minute or
so, at a rate which controlled the crucible temperature to 1500 +5°C.
After about twelve pellets were reduced and melted the crucible was
lowered to the bottom of the furnace in 5 cm steps in order to minimize
thermal shock and breakage of the working tube, The cooling rate of the
crucible from 1500 to 1000°C was about 100°C per minute. After removal

from the furnace, a metal button weighing about 10 grams was available

for chemical analysis.

PG, S — -




39

3.3.3 Chemical Analysis

‘ The metal produced by the pellet reduction experiments was first
pulverized with an impact mortar and then analysed for carbon, sulphur
and in some cases, silicon.

The carbon determination was performed on a combustion gas analyser
which 1s standard equipment supplied by Leco (Labdﬁzzory Equipment Corp.,
Michigan). The accuracy of determination is given by Leco as 1% of
the carbon present up to 4%C. However, in this investigation, if the

first two determinations were within 0.10%C of each other, they were

averaged; if not, then more determinations were performed. Hence, a wider

range for carbon determinations would be more appropriate, e.g., 2.75 #0,05%C.

The sulphur determination was performed on standard Leco equipment
which uses the combustion -~ iodate titration method. As was the case
for carbon, two determinatfons were averaged if the readings were within
the estimated range; if not then a further pair of determinations
were performed. Since the sulphur contents varied from near zero to
0.4%, ranges for low and high percentages are estimated as 0.020 :.002%S
and 0.385 £.010%S respectively.

The silicon céntent was determined by fhe gravimetric-perchloric
acid method in which duplicate, one gram iron samples we-e dissq]yed, and
SiO2 precipitated, filtered and weighed. Details of thi§ method are
described in ASTM E350-73. The estimated range for the silicon contents
encountered in this investigation is 0.26 §«62% Si.

Analyses of duplicate samples were quifé sufficient for the in-

’ tended purposes of this investigatioﬁ_since the information sought was
firstly, the levels of C, S and Si of each metal button and secondly,

large changes in those levels resulting from differences in pellet

- composition from one experiment to another.
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3.4 Reduction of Bentonjte-Bonded Pellets

3.4.1 Ore-Coal Pellets

It was found that 1.5% to 2.0% bentonite binder was necessary to

give the ore-coal pellets enough strength so that they could be handled

\easi]y and dropped into the crucible without shattering. After drying

}t 120°C for one hour, pellets of 12 mm diameter, withstood loads of
about 5 kg.

The theoretical amount of coal needed in a pellet for the reduc-
tion of the ore and for carbon dissolution into the resultant liquid

iron , was calculated to be 27%. This calculation was based only on

the fixed carbon content of the coal since the extent of reduction by
the coal volatiles, under such conditions, was unknown. Reduction tests
were performed at 1480°C* on pellets with coal contents varying from 20
to 30%. ’
Immediately upon entering the hot crucible, the coal in the
pellets began to coke and the evolving hydrocarbon volatiles cracked, as
was indicated by a great amount of soot in the off-gas for the first
fifteen seconds. The off-gas cleared of soot when the pellet sdrfaceAhad
become hot enough so that the hydrocarbons cracked within the pellet.

Thus, carbon was left inside while hydrogen (and CO from reduction)

~ escaped. After about 90 sec., off-gasaing ceased and 20 sec. later, the

i
pellets melted.

Y

o
(

*These were the first tests and were performed before it was
realized that the crucible tempe[ature dropped some 20°C when the coid

pellets were introduced. Al1l subsequent tests were at 1500°C.
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It was found that pellets with coal contents above 24% left large
amounts of powdery black residue; a mixture of tiny iron droplets and
carbon. There was so much excess carbon that the iron droplets were
prevented from coalescing. Pellets of 20% coal became sponge-iron with
no carbon in solid solution and with entrapped slag and FeS in the
ferrite matrix. THis was because there had been just enough coal in the
pellets to reduce the ore and not enough carbon was left over to dissolve
jnto the iron and thereby cause it to melt. The best results were
obtained with pellets of 23% coal which produced liquid iron of 2.0%C,
0.3% Si and 0.35% S. Small droplets of greenish glassy slag also were
formed, but these were too small to analyse.

These preliminary tests on bentonite-bonded pellets of 23% coal
showed that nearly all of the sulphur was transferred from the coal to
the 1liquid iron. Unfortunately, reduced Fe or Fe0Q particles serve very
efficiently as scavengers for sulphur. The silicon content of the metal
was quite low, partly due to the slow reaction rate of silica reduction
but mostly due to the tendency of silica to slag with other oxides
available in the pellet. For these reasons, high silicon contents of
the resultant iron, would be unlikely to occur. This leads one to an-
ticipate that, under similar conditions, Tow silicon iron may be expec-
ted in the proposed direct-reddction process. The carbon content of the

metal was lower than expected and seemed to reach an upper limit of

about 2.0%, even though there was an abundant supply of coal in the pellet.

Two major problems were identified. Firstly, it had to be deter- °
mined why the melt would not pick up more carbon than it did, and
secondly, means had to be found to inhibit sulphur transfer from the

coal to the iron.
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3.4.2 OQre-Graphite-Sulphur Pellets

What wa§ preventing the iron melt from absorbing more'carbbn?
Since the iron droplets from which the melt formed had unusually high
sulphur contents, the surface-active properties of sulphur in iron be-
came the first suspect. Carbon transfer to the iron could be inhibit-
ed by sulphur which is adsorbed preferentially on,the 1iquid iron sur-
face and which could act as a barrier to mass trangport through that
surface. To test this supposition, pellets of 17% graphite, with and
without sulphur additions (as FeS and elemental S)} wére reacted at
1506§§. A1l melts became nearly saturated with carbon at abgut 4%, in
spitevof having up to 0.47% sulphur. Clearly, sulphur in thé melt did

not inhibit carbon transfer to the melt.

3.4.3 0rb-Coke Pellets

Since it was found that sulphur did not inhibit carbon transfer
to the iron melt, an attempt was made to narrow the possible causes by
eliminating the hydrocarbons from the pellet and subsequent reduction.
Thus, coal was coked at 900°C and then pelletized with iron ore to act
' as the carbon reductant instead of coal.

Reduction tests were performed at 1500°C on pellets 536 with 19%
and even 21% coke with disastrous results. Almost no carbon.wjé
absorbed by the iron which at 1500°C had been only partially-melted.
Dur{ng reduction there was an inordinate amount of foaming brown slag
and coke dust was blown throughout the furnace by the reduction off-
gases. Although the fron ore was reduced, the coke was unreactive in

its role of supplying carbon to the molten iron and circumstantial

R

Sl R e T

B o Bt e o b e i das A RS




i 43

evidence pointed to the coal (coke) ash as the cause. It was reasoned
that as a coke particle was consumed, the ash accumulated on its surfacé
and by virtue of its low melting point, would form a slag coating on
that coke particle and thereby insulate it from the iron.

At this stage of the investigation, the foregoing was considered
to be the most 1ikely cause, but as will be shown later, this conclu-
sion was only partly right. Metallographic examination of the micro-
structure of a pellet which had been quenched before reduction was
complete will be shown in the next chapter and will interpret c]early'

the cause of the carbon problem and its solution.

3.5 Reduction of Self-Fluxing Pellets

3.5.1 CaCO3 Additions to Bentonite-~Bonded Pellets

An undesirable feaéure of using coal as a reductant is the re-
sulting high sulphur content of.the iron melt. However, should a pellet
form its own desulphurizing s]ég, the problem may be lessened. To this
end, up to 9% powdered calcium carbonate was added to ore - 23% co%&
pellets bonded with 2% bentonite. Reduction tests were performed at
1500°C, the results of which were dfsappointing. Firstly, the pellets
were weak; the bentonite seemed to lose its bonding>properties ﬁt the
higher ca~bonate 1eve1§. Secondly, at the iaximum carbonate content
(9%), desulphurization was only 25% effective, i.e., 75% of the sulphur
input transferred to the iron while 25% was retained in the slag. Further
1nvestigation of self-fluxing pellets continued in the direction of
using high1} basic pellet binders, particularly cement and calcium car-

/

° bonate, for the dual purposes of bonding and desulphurizing.
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3.5.2 Pelletizing and Bonding Procedure using Ceément, Carponate

\

and Hot Pressing |
!

A cement bgnding process for iron ore pellets was déveloped

~commercially some years ago but when this type of pellet was used as a
blast furnace feed, difficulties were encountered due to pellet swelling.
However, swelling should not be a concern in th& present investigation
and thus using cement-bonded ore-coal pellets may be of some value.

Small additions of gypsum (CaS04+2H,0) are added to commercial
portlafid cement to prevent premature setting of the paste. Normally,
this is beneficial buy it does raise the sulphur content to about 1%,
Thus, cement clinker (0.374S) was obtained from a manufacturer before
the addition of gypsum and was ground to 90% minus 325 mesh. The chemi-
cal analysis is given in Appendix A3.2.

Varying amounts of cement were added to ore-coal mixtures and
although thefe was no difficulty in pelletizing the moistened blends,
curing the pellets did present problems. When left to the open air, the
pellets dried out before hardening, and steam curing caused the pellets
to swell some 30%. In both cases tﬁe pellets remained quite fragile.
Room temberature curing under moist conditions for three or more days
did produce hard pellets but since this was time consuming, a curing -
method was devised for this study, where%n the pellets were placed into
a pressure-tight, capped steel pipe, which then was held in an oven at
70°C for ten hours. Afterwards, the pellets were thorot jhly dried at
120°C. Pellets with less than 10% cement (anhydrous) remained too

fragile to be of much use.
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Carbonate bonding of pellets has been developed commercia]]y(agz
but for 30 gram batches the following procedure was devised. Powdered
1ime was added to the ore-coal mixtures in varying amounts up to 8% and
when pelletized with water, the lime slaked to Ca(OH)Z. The pellets
were then partially dried and placed in a flask. Carbon dioxide was
bled into the flask while it was held in an oven at 60°C for about 30
minutes. Afterwards, the pellets weye dried at 120°C.

Another method for agglomerating composite mixtures is that of
hot pressing. Since coal becomes plastic at about 377°C, it can serve
as the pellet binde; with<ﬂ%?agvantage that no water or 0, is used and
thus fhe lime is not slaked or chemically changed to carbonate. A sp1it;
mold of graphite, retained in a copper tube, and with a plug and plunger
of steel, was constructed to produce hot-pressed cylindrical pellets
12 mm in diameter and in height. The mold was heated to 400°C while the
mixture was pressed under a load of 500 to 600 ké. Reduction of hot-
pressed ore-coal-lime pellets allowed comparison with carbonate-bonded

pellets.

R N e
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3.5.3 Reduction Tests

Before proceeding with a presentation of results, it may be help-
ful to review the objective of these reduction expefiments. When coal
was used as a reductant for irsg ore, the sulphur in the coal transfeére&
to the resulting iron melg. The objective was to interfere with this
transfer by having theapel1et form its own desulphurizing slag and“
thereby scavenge the sulphur internally to the pellet during reddétion
and melting. Should'most of the desulphurization be perférmed by the
internal pellet slag before it joins the foaming process slag, the time
required to obtain low sulphur contents of the metal bath would be
lessened. The major concern here, is the reductior of individual self-
f]uxing.pe]lets and the.slag/metal &istribution of su]phurAbetween'the
internal slag and iron droplets formed during reduction and melting of
these pellets.

Reduction tests were performed at 1500°C on ore-coal pellets,
bonded with various amounts of cement (K series) and calcium carbonate
(L series), and on hot-pressed ore-coal-1ime peliets (M series) in much

the same manner as described previous]y in Section 3.3.2. In these
1

experiments, four pellets ‘(approx. 10 g) were dropped into the crucible

at the same time. After the pellets were reacted, the molten slag and

iron, which were partially separated jn the bottom of the crucible,

were cooled quickly.” The reduced slag/metal contact area after complete .

collapse of the‘pellets and the high rate of cooling at the end of the .
experiment, allowed ﬁinimaT opportunity. for any. furthe} s1ag/meta]_re-
action to take place. Thus, the results presented in this section re-
flect, as c]oselylas possible, the cénditions thch existed between the

iron droplets and internal pellet s{ag at the time of their separation.

-
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3.5.4 Resu]ts and Discussion

The percentages of the pellet constituents and the chemical analy-
sis of the rgsultant metal for each of twenty experiments are tabulated
in Table 3.1. Some experiments were repeated with a portionlnf the
cement or lime flux repTaced by magnesia (in one case, by magnesia +
alumina) intorder to lower the liquidus temperature of the pellet slag
formed during reduction.

In order ito show the effect of pellet composition on desulphuri-
zation of the resultant iron, the data were treated in the following
way. Each lot ot pellets with a specified t]ux/binder addition was re-
acted and the sulphur content of ‘the iron, [#S], was measuréd Also,
the theoretical su]phur content of the 1ron that would have resulted had

no desu]phurizat1on taken place, [%Sj , wWas ca]cu]ated from the

“Mmax
weight of metal produced and the total sulphur input, assuming all sul-
phur had entered the iron. Thus, the actual sulphur c?ntent of the iron
and  its theoreticgl‘maximum for eacn experiment, were used to calculate
percéntage desulphurtzation, %,DeS. P

Further, the data from_eachfgxperiment alTowed calculation of
the theoretical slag/metal distribution of sulnhur, based on equilibrium
thermodynamics, weights of input materials and metal annlysis. This
distribution may not have been achieved but it shows what'conld be ex-
pected shoufn the pellet slag and iron droplets be in equilibrium when
the pellets col]apse from melting after reaction. Arts1ng from these
ca]cu]at1ons is a value far the equilibrium sulphur content of the iron,
[%S] qQ’ which is then used to calculate an equi]ibrium percentage desul-

phurization value, % DeS The actual desulphurizat1on obtained, % DeS,

eq’ :

!
{
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can then be compared with the equilibrium value. A detailed representa-
tive calculation for thg éomp]ete treatment of the data is presented in
Appendix A3.3. Table 3.2 presents the calculated desulphurization values
and slag properties, such as weight, basicity and 1iquidus temperature,
for each experiment.

In order to show graphicg]]y the effect:éf pellet composition on
desulphurizatioh of the ﬁbsu]tant(iron, Figuré'§.2 was constructed using
the tabulated data. Per;entage desulphurization, % DeS, was chosen as -
the more correct parameter to'p]ot against f]hx addition, since the sul-
phur input varied somgWhat with each experiment. The variation was small
however, and thus the ord1n;te on the‘right~hand side of the diagram de-
picting sulphur content of iron, [%S], is fairly accurate. It also
illustrates more cléar]y thaf adequate additions of basic flux (as

binder) to the pellets can Fesu]phurize the iron from about 0.4% S

down to the 0.04% S range.

Bonding pellets with cement can achieve the desired desulphuriza-
tion But note- that it takes considerably more cement to equal the éer-'
formance of lime as either desulphurizing or bonding agent. An estimate
of the slag weightﬁper tonne of iron, for each Tot of pellets, is blaced
along the top'of the Qiagram. The bonding ranges placed on the diagram
for both carbonate and cement are for general guidance only.. Below the

suggested minimum, it was found that the pellets did not harden very

‘well and considerable breakage or dusting could be expected during hand-

ling in an 1ndustri§1 manner. Above the suggested‘ﬁgximum, it was found

that the pellets contained such an excess of 1ime that during reductionA

' ind melting, it could not be dissolved into the molten slag.;
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& .
;dent. Hardened Pellet Calcined Flux Metal Analysis _
% Ore % Coal % Cement A M‘%O % C % S % S1
K4 71.3 22.5 5.0 0.0 2.22  .281 -
K3 65.8 22.0 9.8 0.0 2.90 .176 .28
K1 62.8 22.0 12.2 - 0.0 3.47  .086 .35
K2 61.4 20.5 14.5 0.0 3.3¢  .138 -
K2-1 61.2 20.5, 12.9 1.6 4.0  .016 .19
% Ca0 % MqO
L5 7445 23.5 1.1 0.0 2.18  .300 -
L1 73.2 23.2 2.0 0.0 2.08  .296 -
L8 69.5 23.2 4.1 0.0 2.75 .210 .26
L9 - | 66.1 23.3 6.0 0.0 2.86  .137 -
L9-1 66.0 23.2 4.7 1.2 3.90 .080 .
L9-2 65.8 23.1 4.1 1.8 3.76  .052 .16
L9-3 65.7 23.1 3.6 2.4 | 3.60  .080 -
L3 4.6 21.8 7.6 0.0 2.94 - .085 -
L3-1 64.1 21.9 5.9 1.7 3.68  .040 .10
L3-2 64.4 22.0 5.1 1.7+ 3.77  .044 -
.9 1,04
M1 77.0 23.0 0.0 0.0 1.95  .318 .20
M2 74.3 23.5 2.2 0.0 | 2.3 .26 -
M3 72.8 23.0 4.2 0.0 2.35  .225 -
M4 70.3 23.5 6.2 0.0 3.00 . .128 .26
M5 8.9 8.1 0.0 2.87  .037 -

23.0

®

"Table 3.1: Pellet constitution and chemical analysis of reduced metal
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////’/ Metal Slag
ﬁﬂ;;:— calc. actual| Weight Basicity Liquidus
Ident. %Smax %Seq %DeSeq %DeS | kg/tonne Ratio B oC
o ke 452 .367% 19.% 38. (195) 0.66 1350
2 K3 LI LA 76. 66. 300 1.12 1425
£ K .715¢ .052 93. 88. 360 1.3 1450
§ K2 .535 .024 95. 74. 416 1.48 1675
8 Kk2-1 .542  .007 99. 97. 416 1.56 1500
¢ - commercial
cement
L5 L7 a00* 4.% 28. (125) 0.29 (1250)
L1 .418  .387* 7.% 29. (142) 0.51 1325
L8 .433 188 57. 52. 187 1.04 1450
3L 453,043 90. 70. 233 1.57 1800
:§ L9-1 .447  .023 95. 82. 228 1.45 1550
g L9-2 447 .029 94. 88. 230 1.42 1500
g 19-3- | .448 .034 92., 82. 233 1.40 1575
213 .438 008 98. 80. 272 2.04 1950
© 13- .440  .006 98. 91. 270 1.92 1675
13-2 | .438 ..012  97.  bo. 270 1.64 . 1500
3§ M1 402 .398* 1.% 21. (102) 0.04 (1225)
o M 417 .366*  12.% 29. (145) 0.55 1375 -
5 g M3 A7 235 4, 45. 185°"  1.03 1425
;:4 M4 .42 037 91. 69. 230 1.54 1800
;:5 M5 .433  .008 98. 92. 270 2.04 1950

» . . 3 "
* - calculations in these instances are not valid as the slag

contained appreciable amounts of FeQ; brackets in€er approx. values

Table 3.2: Calculated desulphurization values and slag propefties.
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The desulphurization behaviour of hot-pressed ore-coal-lime
pellets was very similar to that of calcium carbonate bonded pellets.
Indeed, this was to be expected since during regction the calcium car-
bonate within' the pellets would be calcined to' lime prior to its role in
desulphurizing the iron.

A cursbry look at the primary desulphurization data (open symbols
on Figure 3.2) shows that there seems to be a direct relationship be-
tween desulphurization and lime flux additions; not altogether unexpec-
ted, since the more lime added, the more desulphurization to be gained.
However, this simple explanation became far more complicated as it was
more closely examined. The rest of this section will focus on the for-
mation and role of the internal pellet slag. Some of the symbols used
in Figure 3.2 will be explained lgter in this section and will tie in to
other diagrams.

The primary desu]phuvization.data showed that even.at the maximum
Time addition, the sulphur content of the iron was still higher than
expected. As a first step towards understanding the data, the equilib-
rium slag/metal distribution of sulphur, at the time of melting, was
calculated for each reddct{on experime;t, as detailed in Appendix.A3.3.
Briefly, the stag composition was ;a]éu]atea from input materials and
used to obtain the basicity ratio and sulphide capacity of the slag®
Using both metal and slag parameter;,‘équilibrium thermodynamic equations
allowed ca]cdlation of the slag/metal distribution of'éulphur and, in
turn, equi]ipridm percentaée desu]phur%zation values, % Deseq. The
calculated ‘equilibrium reference curves on Figure 3.2 represent these

values. A

*Background information and definitions of ;hesé terms may be found in
Chapter 6 - Applied Metallurgical Thermodynamics (Section 6.5).
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The experimental data have been replotted in Figure 3.3 to show
pércentage desulphurization verses an empir1ca]’slag basicity ratio, B.
The reversed S-shaped curve is the locus of the calculated equilibriuh
values and represents the theoretical goal for desulphurization of iron
reduced from self-fluxing pellets. Below B = 1,0, the iron melts were
desulphurized more than what is indicated by the ca]cu]atgd ref:;ence
curve. When the amount of .s1ag produced by an individual \pellbt is small
because of little or no lime addition, then minor constitu Qyé not hither-
to considered, such as alkali impurities from ore and coa],’should be
included in the calculations. A more important factor is that an insuf-
ficient lime addition-allows the formation of a silicious iron oxide
slag (e.q., fayalite) which alters the desulphurization properties of the
pellet siag in a positive manner, not considered in the theoretical ’
treatment. In short, the slag/metal distribution calculations used to
obtain the reference curve are not valid when applied to silicous slags
containing appreciable-amounts of alkalies- or iron oxide. Providing
that enoqghlinforﬁatiﬁﬁ/}s available, the theoretical treatment could
be extended to include these types of slags but since the major interest

was to desulphurize the ‘iron by using self-fluxing pellets, this was not

coﬁsidereq worthwhile. =~ - o

The primary desulphurization data, represented by open symbols in
Figures 3.2 aﬁd 3.3, show that the iron, reduced fnpm pellets of higher
Bﬁs%city (B »1.4) was not desulphurized to the extent 1ndicateﬁ by the
reference, curve. When,the product§ of- these reduétion experiments were
examined,lit was observed thét the crucibles contained large drops of

iron, greyish slag, some carbonaceous residug and some white powdery lime.
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led to somewhat poorer results.
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Also, it was found that the liquidus temperatures of the calculated
s]ag'compOSi;ions were £ar in excess of 1500°C, the experimental re-
duction test temperature. Clearly, the internal pellet slag should be
jn a fully molten-state in order to obtain better desulphurization of
the molten iron droplets formed during reduction and melting.

As a measure to reduce the 1iquibus temperature of the slag, re-
4uction experiments were performed wherein 20; 30 and 40% of the lime in

the carbonate-bonded pellets was replaced with magnesia; the total flux

‘weight being kept const&ﬁt. The effect of this measure on desulphuriza-

- tion is shown by\arrows labelled L9 in Figures 3.2 and 3.3. The results

from 20 and 40% replacement were about equal and showed some improvement.
The point nearest to the reference curve and showing the best desul-
phurization, was for pellets wherein 30% of the lime was replaced with
magnesia. - In‘order to understand these new results, from a slag
liquidus point of view, a portion of the phase diagram in the 5% A1203
plane of the system CaO-M:g;O-SiOZLAIZO3 is reproduced from Muan and
Osborn(40) as Figure 3.4. In this diagram the phases hdve been left un-
identified to avoid clutter, while the 1sotherm§ map ‘the contours of tfie
Tiquidus sdéface. The objecfive was to move the composition of the slag
from pellets L9 into a 11quid‘ﬁegian at 1560°C by replacing lime with
magnesia. Path L9, -1, -2, -3 shows that the slag compositions moved
into the fully liquid zone at 2 (best results) but continued too far,

fér at 3, some of the Mg0 could not be dissolved into the siag and this

N
kY

Y

. A

- e o T

L L IR e




s £ v A 5, NI P MR -+, .

&

56

5% Al 03 plane

‘/V

_—
70 ~~ \//// /{ :
20

10

Figure 3.4: A portion of the phase dia
showing the liquidus tempe
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gram for the system Ca0-Mg0-Si0,-5%A1505
ratures of selected pellet slag compositions.

¢~

J

- e & s, e 4 AR " o amam.

T R S P

e R LT O S .




57

Applying the abdve to pellets L3, replacement of 1ime with mag-
nesia moved the slag fomposition into the trough position, L3-1. Here
it can be seen that more magnesia would not produce a liquid slag.
Upon examining phase diagrams in the 10% and 15% A1203 planes of thelsame
oxide system, it was decided to %ncrease the alumina content from 5% to
12% in order to obtain a liquid slag at 1580°C. When this new set of
pe]let{ were reduced there was no improvement in desulphurization; the
beneficial effect of having a fully liquid slag was off-set because 4ts
baéicity'and thus its sulphide capacity was impaired by the higher
Qlum{na content. This is shown by the arrow labelled L3 in Figure 3.3.

Réduction of pellets containing 14.5% cement bresented the same
problem in that the slaﬁ liquidus temperature was in excess of the re- 1
duction teét temperature. This was resolved by replacing about 10% of the
cement with Mg0 and is 11lustrated by the arrows labelled Ké in Figures
3.é and 3.3. The attainment of near equilibrium desulphurization, 97%,
resulting in 0.016% S content of the iron melt, must be tempered by the
observation! that %he slag Qeight from so much cemént would-be a very .

heavy‘burden for a process to carry. .
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A clearer picture of the effect of Tliquidus temperaturg-of the
internal pellet slag on desulphurization can be gained by examining
Figure 3.5. Desulphurization of %ron by a slag is a function of slag
weight as well as basicity and in order tolremove weight as a variab1e,
pércgntage desu]phurization was divided by glag weight (kg/tonne) for
those experiments in the carbonate-bonded series. This new parameter,
which introduces no new concept gnd 1slmere1y a measure of desulphuriza-
tion obtained per unit of slag weight, was plotted agaiast liquidus
temperatures of the internal pellet slags, as calculated from input . .
mate??é]s. |

The extended arrows L9 and L3 carrespond to those in previous
diagr&ms anﬁ show that désulphurization rose to a peak when the inﬁerna]
slag was able to become fully liquid at the reduction test temperature.
Thé datum point with basicity ratio 1.64 is perhaps an gnoma]y‘because it

- represents experiment.LB-Z wherein alumina was added to lower the slag .

' 11quidus to 1500°C. 1In doing so, the slag weight was increased and the
g;sicity decreased, both nggagjve factors but with weight a more negative
1ﬁf1uenée on this fype of plot, then basicity. Although the basicity

.- ratios are listed for each experiment,. it should be remembered,tﬁat~they'
are valid only if the slag was fu]ly-liquid. Péétia]ly melted sﬁags \
left undetermined apounts cf- 1ime or magnesié powdgr undissolveqfand ~

thus the basicity ratiés of the tiquid portions that did_form, éBuld be

significadt]y lower than the ratios calculated from input materials.




59

"uodi jo uotjezisnydinsap uo aunjeasdusy snpinbr| beys 31spiad jo 399413 :iG'g m.Sm.E

Do 'FUNIVHIJWIL SNAINDIT OVTIS ._..w...u_w&. . -

0002 006l oosl 0Ol 008l  OOS OOpl  0O0%I
T T T 1 T T | | 1 I 1 T 6 10¢
. . _mc
- ‘dwa) js9) -
. . . " uoyonpay
N 8 ‘onos Adisog - XX X 1o11od dgz
papuog £00bW+ €0000 - o N |
- papuog €000 - © .
- o .S'10 - ~ Om..
voe P . tm Boig
- 1 sS®0%.
-~ \w
- N Gg¢g’
= “40b°
1 L i ! 1 1 [ | 1 L1 1 o




'cept of an "active slag" which would be defined as that portion of the

'After the ore(and coa1 are formed into a pel]et the stjucate particles =

e b el A i e TR A

.-the silicate partlcles wou]d begin to melt and the small molten droplets

60

One solution to the above prop]em, would be to introduce the con-

| . '
total slag which was 1iquid at the reduction test temperature of 1500°C.
It will be recalled that for each reduction experiment, a slag composition

was calculated from input materials (Appendix A3.3) and its 1iquidus

temperature was found from the appropriate phase diagrams (e.g., Fig. 3.4)
comgiled by Muan and Osborn(qo). _For_those slags which had a liquidus

in excess of 1500°C, the composition of the liquid portion or "actual

slag" can be estimatéd from the same diagrams and used to calculate an

active slag basicity ratio, BA'

The weight of the active slag can be estimated py dividing the -
active slag silica content into the total silica input. This assumes _ i
that all of the silica was dissolved into ‘the liquid portion of the '
|

slag. Here, perhaps it is best to d1gress for a moment in order to con-

sider the sequence of slag-formation. Silica enters the pellet mostly

*or

as a const1tuent of the ore, usually as discrete si]icate part1c1es con-

taining some a]umina magnesia .and in many cases, some iron oxide.

c e —————
. v

would be surrounded by carbonate or cement as the bonding material. When
introduced into the hot zone of a furnace the temperature.of a pel]et
would rise very quickly and several steps in slag formation would happen - .
sequeqcia]ly. The bondino material would calcine and ‘some Iime (and-
magnesia, if present) would react with, and diffuse into, the surfaces

of the still-solid silicate partic]es ‘ Evénts would soon overtake‘solidc

state diffusion for as soon as the temperature rose abgve, say.1400°c

of §1ag would then d1sso]ve as much Time and magnesia as possib]e.

AN

—~—— - & e



61

Should there be excess lime in the pellet then the molten slag would
become saturated with 1ime, the amount being controlled by the reduction
test temperature. Lime may céntinue to enter the slag but solid phases
such as 2Ca0.5i0 >(dica1c1um silﬁcate) or 3Ca0.Mg0.2510, (merwinite)
would fo;m Should this happen, the composition of the Tiquid portion
would change slightly and the amount of quuid would decrease. Since
the time avai]ab]e to form a liquid slag would be very shqrt, perhaps 30
to 60 seconds, the amount of silica removed from solution by this type
of phase formation would be expected to be small. Hence, the assumption
that most, if not all the silica is dissolved in the 1iquid slag appears
to be the most 1ikely (and perhaps, only) way of estimating the weight
of the "active slag". ¢ |

Using the newly obtained values of basicity and weight, the
active slag/metal sulphur partition and equilibrium percentage desulphuri-
.zation quations were reca]cu]a;ed in the same way as outlined in Appendix
A3.3. Table 3.3 1ists the pertinent data with the experiments prefixed

by the letter "A", recalculated according to the "active slag" concept.

. The'data for the other experinents, i.e., those with slag liquidus

temperatures of 1500°C and below, r?main unchanged but are included for
cpmp]etenqss.. The actual percentage desulphurization for each experi-
ment has been plotted against thé active slag basicity ratio, BA,_in
qigure 3.6, This figuré should be compared directly to Figure 3.3. It
can be seen that the calculated reference curve has changed very little
in either shape or position., As discussed previously, . the slag/metal

sulphur distribution calculations used to obtain the reference curve be-

.t low By = 1 are not valid when applied to s111ceous 1ron ox1de slags and

thus the melts were desulphurized more than what 1s indicated by the

reference curve,

e R e R e G AAE Lot iat AN ey
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Active Slag Concept J Actual Active
. Slag
Exp't Basicity <:;\ Liquidus
Ident. Ratio, B, %Seq %DeSeq %S %DeS oc
K4 0.66 367%  19.% | .281  38. | 1350
K3 1.12 122 76, 76 66. | 1425
K1 1.31 052 93 .08  88. 1450
A-K2 1.34 .038 93 138 74, 1500
K2-1 1.56 .007 99 016 97. 11500
L5 0.29 .400* 4. | .300  28. | (1250)
L1 0.51 J387% 7% | 296 29, 1325
L8 1.04 188 57, 210 52, | 1450
A-L9 1.27 06 77 137 70. | 1500
A-L9-1 1.37 030 . 93. | .080 & 1500
19-2 1.42°  .029 94, 052 88. 1500
A-19-3 1.34 042 91, 080  82. |- 1500
A-L3 1.30 .09 8. | .085. 0. 1500
A-L3-1 1.36 038 91. 040 91. | 1500
L3-2 1.64 012 97. .044 90, 1500
M 0.04  ..398% 1.x | .318 21 | (1225)°
M2 0.55 .366%  12.% | .296 29. | 1375
M3 1.03 235 44N | .225 45, 1425,
A-M4 1.27 085 8. 128 69..] 1500 .
A-M5 1.30 093 79 037 92 1500

* - calculations in these instances are not valid as the slag

contained appreciable amounts of Fe

values

Table 3.3:

Calculated desulph&?ization values“using the active

slag concept. -

)

0; brackets infer approx.
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The major observation to be seen when comparing Figures 3.3 and
3.6 is that when the active slag concept is applied and only the liquid
portidn of the pellet slag is considered to take part in the reactions,
desulphurization was much closer to the theoretical goal,ias represented
by the calculated reference curve. This substantiates an earlier obser-
vation that the internal pellet slag should be in.a fully molten state
in order to obtain better desulphurization of the molten jron droplets
formed during reduction and melting. It also shows that should this
gondition be met, the reacting pellets can approach equilibrium with '
respect to sulphur in under two minutes which suggests that there are ”
no large kinetic hindrances to desu1phurization‘in this manner.

The active slag concept has been useful in explaining the
exper%menta] results when the slag was only partia]ly molten but the
revérse side of the coin needs to be challenged, i.e., the assumption
that the ]iﬁe powder not dissolved into a liquid slag is "inactive".

The recalculated data from experiment M5 (A-M5 in Table 3.3) shows that
the actual desulphurization was considerably more_thaﬁ the calculated
"equilibrium" value. These pellets were hot;pressed and contained g.]%
Time powder but only about half would have been dissolveﬁ into a liquid
slag. This large amount of "excéss“ Time powder available within the
pellet probably desulphurized the coal volatiles by gas-solid reaction
and therefore cannot be ccnsidered 1nact§ve. Although the active slag
concept has been usefu] in explaining results, iﬁs assumptions should be

kept in mind and it should not be applied téo‘rigorous1y.

“ 8 i d S otk i i
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It will be recalled from Section 3.4 that two problems were
identified in the reduction of bentonite-bonded pellets. Firstly, the
carbon content of the resultanf iron remained at about 2.8% in spite of

an excess of coal in the pelletd, and secondly, means had to be found to

inhibit sulphur transfer from coay to iron. In attemptipg to solve the
sulphur problem by testing self-fluxing pellets, as described in this .
section, it'ﬂgS/%Bticed that the carbon content of the iron rose appre-
ciably with each new attempt to desulphurize. This effect is shown in
Figure 3.7 wherein the carbon content of the iron has been plotted
against slag liquidus tempefature. The peak in carbon content at 1500°C
indicates that the slag shéﬁ?d be fully liquid, or nearly.so, in order
to allow the small iron droplets enough mobility to contact and absorb
carbon particles within the reacting pellet. More important, it wil! be
observed that due to an increase in thé basicity of the internal pellet
slag, the carbon content rose from 2%((genton1te-bonded pe]]ets)‘%o ove?
4% (carbonate and cement-bohdéd pellets). | A
In response to this significant observation it was decided to in-
vestigate more closelytthe effect of lime and mggnesié on reduction ﬁech-
anisms within iron ore-coal pellets. This new investigation will be
described in the next chapter where thg internal microstructure of

partially reduced pellets will be examined metallographically.
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3.6 Summary

Composite iron ore-coa],pe]letsfwere reduced to iron by perform-_
ing a series of sma]]‘crucible enperimentsu It was found that such-
pellets are capab]e of very fast reduction{ from cold pellet to reduced
iron at 1500°C in 110 sec. From this it can be reasoned that the rate at
which the pellets react probab]y would depend on the rate at which they
cou]d be heated and not on any‘1nterna1 constraints.

A pellet containing about 23% coal was found to have sufficient
coal to reduce and carburize the resultant iron. Too nuch coal weakened
tne pellets and left a carbonaceous residue, while too little coal pro-
diced sponge 1ron |

Beduction of ore-coal peliets bonded with 2% bentonite produced
iron melts containing about 2%C, 0.3% Si and very high sulphur at 0.3%.

Limestone additions to the ore-coal mixtures produced very weak pe]]ets,

. and the sulphur content of the iron remained high,

" Three techniques for bonding composite pellets containingAbasic

flux additions were investigated. Carbonate bonding was the preferred

'method in the laboratory but hot pressing or briquetting may have

.
economic advantages in an 1ndustr1a1 context Cement bondipg produced

hard pe]]ets on]y above 12% cement (anhydrous) which would 1ncr%ase/9on
siderably the slag Ioading to the process. LA

The reduction of self f1Uxing pel]ets showed that desulphurization
and carburization were at maximum levels when the internal pe]let slag
was fu]1y 11quid at the reduction test temperature. These cond1tions
produced iron melts conta1n1ng about 3. 76% ¢, 0. 16% St and 0.052% S.

In order to gain a c]earer understanding of compos1te pe11etlre-
duction, it was proposed to exami&g/;~2.7$%§rnal pe]let microstructure“

of partfally reduced pbnets. S
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_CHAPTER 4
METALLOGRAPHIC INVESTIGATION OF PARTIALLY REDUCED PELLETS

7
v
<
v

’

4.1 Introduction .-~

The pellet reduction experiments descrfbed in the previous chapter
showed that the problems of high sulphur and low carbon contents of
the iron from bentonite-bonded pellets could be alleviated 'by reducing
self-fluxing pellets. Compos i te pellets of known composition were
obsérved ddriﬁg their reduction and later, a chemical énalysis of the
resultant iron was obtained, This analysis, coupled with .calculations
of slag composition and slag/metal distfibutipn of sq]phur,'allowed the
reduction behaviour of the pellets to be described. The discussion-
centred mainly on'theipr rties of the internal pellet slag. .However,
in order to obtain a Clearer understanding qf the reduction mechanisms‘
within a pellet, these macrgJObservafjons need to be substaﬁffated by
obsefving the changes of tﬁé 1ﬁterna1 pé]let microstructure dur{ng‘ré-
duction. It was considered that the bégt approach wbu]d‘be to 1pterupt
the reduc;{on reaction and attempt -to preserve the microstructure at that

point by cooling the pellets quigk]y: Then, from an examination of the
. 3 .

microstructure from centre to surface, one should be able to follow, the

L

reduction of 1nd1v1&ua] iroﬁ ore particles and the formatioﬁ of the'in-‘

2.

ternal §E$aet slag.,

A
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4.2  Procedure -

4.2.1 Pel]ét Compositions

Thé pellets used for the partial reduction experiments were from
lots prepared for the previhus reduction experiments and hence had the
following compositions.

75% ore, 23% coa]i 2% bentonite

79% ore, 19% cog;; 2% bentonite

-
A

81% ore, 17% graphite, 2% bentonite
. 63% ore, 22% coal, 12% cement (anhydrous)
/ 66% ore, 23% coal, 11% carbonate (4.7% Ca0 + 1.2% Mg0)

~

Nrme o o Mg o em———————————— . &
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4.2.2 Experimental Technique

An alumina crucible was held in the “hot zone of the furnace at.
1500°C while the working tube was flushed with argon. One pellet was
dropped into the crucible through the hole in the top head; then after
the optical flat assembly was replaced in the hole, the argon flow was

shut off. After about 15 seconds, the off-gas from the reacting pellet

_ cleared of soot and the pellet could be observed direct]j, After about

50 seconds the crpcib]e.ﬁas.1owered qqick]y to the bottom of the furnace
tube, wheré a strong stream of argon quenched the crucible and pellet.

'bevera] tria]S with each type.of pellet were necessary in order
to obtain the borreét timing. Too 10n§ at temperature resulted in a
partially melted and'coliapséd pellet, while too little time did, not
allow the ore at the be]let surface to be fully reducedi The a]umtna )
Qorkibg tube in the furnace cracked from thermal shock, but it could
sti11 be used for a number of tests as there waa'very Tittle air leakage
due to positive pressures w1th1$ the tube. The alumina crucibles. also
cracked during the severe argon quenching but most of them could be re-
used several times. . S -

The above- procedure produged pellets which were fu]]y reduced and
partia]]y melted at their surfaces, but nearer their centres, reduction
had just begun. Althaugh this procedure allowed observatwon of ore part;
icles in.different stages of reduction, no d1rect information cou]d be

obtained on temperatures within the pellet, other than surmising that the

.surface reached about 1450°C. After metallographic observations, it was

estimated that the pellet centres reached about 900°C, depending on the.

type of pellet and its residerice time in the hot zone, <:

- ——
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4.2.3 Metallography

f

The pahtially reduced pellets were sectigned through their centres
with a fine jéwe]ler's saw and mounted in clear, cold-setting resin
(Quigﬁ??ount). Since the pellets were very.porous, they were impregnated
firgfPwith the Tiquid mbunting resin while 16 an evacuated desiccator,. and
then mounted i? air - in the prescribed manner.

"The mounted specimens were polished first on silicon carbide
}apers,‘then on metallographic polishing wheels using 6 and 1 micron
diamond pastes on silk, and finally, fifished using a gamha alumina _
g]urry on "Microcloth"., The microstructure was §1ewed usually in the
unetched condition but toacheck the carbon content of iron droplets, the

. specimens were etched with 2¢ nitric acid in ethanol (2% nita])
Partially reduced 1ron oxide part1c]es (Wustite) were etched with ethanol
saturated with SnCI2 or with.an aqueous solution of. SnC]Z. Photomicrographs
were[taken with Reichert and Leitz metal]ographs using Kodak Tri-X film.

[

In order to-verify meta]lographic observations of slag and .

, wust1te grains formed during reduction, e]ectron -probe microanalyses

'wire performed on se]ected specimens us1ng a. JEOL Type JXA 3 (modified)(]02?

microprobe. This microprobe is equipped with an ORTEC energy dispersive
x:ray’detector and the analyses were performed using thié method rather
than\using wavelenéth spectroscopy. A computer program was used to

fcorréét the data and, to calculate the weight percentages of the e}emebts
\ " . -

'and their oxides (except sulphur) in the specimen. Further details and

. the accﬁragy\to be expected for this type of ané]ysis can be found in’

Appendix Ad.1.

S | \'/
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4.3 Results and‘biscussion

4.3.1 Ore-Coal Pellets Bonded with Bentonite

A series of photomicrograp?s'showing the internal pellet micro- ‘ f
structure, from centre to surface of partially reduced 75% ore - 232 coal

pellets bonded with 2% bentonite is presented as Figure 4.1a to h. The

pé]]ets originally had a radius of about 6 mm but after being partially
reduced, most had shrunk to a radius of about 5 mm. Upon examination of
the photom1crographs, it will be noticed that at the centre of the

pellet, (Fig. 4 la), the iron oxide particles had been reduced from mag-

netite to wustite and the wust1fe has been partia]]y reduced to iron.
When particles of coal are heated they soften and fuse together to form

a tar-11ke mass which, in a pellet, would surround the iron oxide part-

ie?es As heating continues, the . vo]ati]e hydrocarbons are driveJ off
the coal "boi]s" to form a cellular. structure and hardens fnto coke The
-mottled, grey, web Tike material in the photomicrograph is coked coa]
The background matrix material is moun§1ng res1n and aptly illustrates

B,

just how high1y porous the pe]lets become -after coking.
At a radius of.about 2 mm (Fiq. A 1b), silica partié]es (dark’

grey) have reacted with wustitel(light grey) to form a 1iquid iron’ )
silicate sTag (intermediate grey). At a radius of about 3 mml (Fig. 4.1c),

1 which also 1mp1%ee an increase in temperature, it can be seen that there .
has been consideraQ}e’agg]omekation of the original.wustite grains, re-

'dﬁced iron and 1iquid 1ron‘siljcate.‘ This agQIOmefation is “the“probable

cause of the' pellet shrinkage. - ' T
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At a radius of about 4 mm (Fig. 4.1d) the solid iron grainsﬂhave
continued to grow because of continued reduction, but now they have been
surrounded complete]} by liquid iéon silicate slag. Secondary wustite
can be seen to have precipitated from the silicate melt during solidifi-
cation, - |
~ Just beneath. the pellet surface At a radius slightly more than
4 mm (Fig. 4.1e), the iron §111cate slag has solidified into unique

(43,44) as fayalite

elongated crystals identified mineralogically
(2FeO-Sipz). The small white glopu?es in the interdendritic spaces
between the_crystals are actually. yellowish in colour and are identifieq
as FeS. 'Figure 4.1f shows the saﬁe'area but at a lower magnification of
100X in order to show how extensive.the fayahi%e slag had become relative

to the white grains of reduced iron.

The microstruqture at the pellet surface, which was on the verge of

' collapse at about 1450°C, is shown in Figure 4.1g. This photomicrograph

is also at the_]oWervmagnificétion of 100X, The microstructure has been :

etehed with 24 nital to show the carbon content of the iron phase. The
iron on theﬁieft,mgx the pellet'surféce, has a very fiine pearlitic

microstructure which indicates that its carbon 6ontent s about O.Si;‘
wh%ie the whife grains of iron Just beneath the surface contain.little

or no carpon,

B
G
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A]though the.iron and slag. at the pellet surfacé were molten,’
the various reduction reactions were contfnuidg. Internally, iron oxide
was being reduced and the off-gases were escaping through to the‘surface;
the high-Fe0 slag, in contact with cSke, was being reduced; and the iron
near the surface, also in coﬁtact with coke, was absorbingCsarbon. From
previéqs experiments, described in Section 374.1, 1@ wés found that
bentonite-bonded pelleEs produced” an iron melt containing about 2.0%@.

In order to.view the énd products, §1ag and metal, a pellet which had
been reduced and melted was prepared for meta]]ographic examination and
is shoyn id Figure 4.1h: Most of the iron in this specimen was pear]iiic

(~0.8%C) as shown in the 1ower right-hand corner of the photomicrograph,

ut a few high-carbon (N4%C) "white iron" drob]ets were evident also.’

Th white phase 1n the droplet is cementite and the dark phase, pearlite.
‘Thery did not seem to be enough h1gh carbon 1ron to produce an "average"
melt containing about 203C which. 1eads one to suspect’ that the molten
~dron of p viéus @xperiments eﬁpked up additlpnal carbon from coke parti-

A
cles after the melting of the pellets.

~

\1. .
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ngure 4.1a: Centre of pellet. The wustite grains were partially
: reduced to iron.” The mottled, web-Tike material is
coked coal. Unetched. Magnification 300X orL__130 wm.

Figure 4.1b: At radius of ~2mm, siljca particles (dark grey) have
reacted with wustite (1ight grey). to form a 1iquid iron

silicate slag (intermediate grey).Unetched.Magnification 300X.

Figure 4.1a to h: ITlustrations of the microstructure from centre to surface
. of partially reduced 75% ore-23% coal pellets bonded with 2% bentonite.

i
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Figure 4.1c: At radius of ~3mm, there has been considerable
agglomeration of the original wustite grains,
reduced iron and liquid iron silicate slag.

" Unetched. Magn1f1cat1on 300X.

Figure 4~1d At radius ~dmm, . the reduced'iron gra&ns have been

. surrounded by liquid Jron sillcate slag. Secondary .
wustite has precipitated from the silicate melt i
during solidification. Unetched..Magnification 300X.

7
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Figure 4.le: Subsurface at radius of ~4mm. Fayalite crystals and
. . interdendritic eutectic glass have solidified from
. the iron silicate slag. Unetched. Magnification 300X.
uy

. #iguré 4.1f: Subsurface at radius of ~4mm. Same aréa as above.
Unetched. Magnification 100X or L1100 um.

[
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Figure 4.1g: Surface at radius ~5mm showing "S]ag A" w1th iron
: of ~0.0%C on the right and "Slag Al1" with iron of X\
~0,.8%C on the left. Nital etch. Magnification 100X. <

Figure 4.1h: Fina] products, iron and "Melt Slag B". Some iron

droplets contained, v4%C but most contained ~1%C
(Tower right). Nital etch. Magnification 100X.

A
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The fayalite crystals (§90%) and intercrystalline eutectic
glass {~10%), shown in Figure 4.1e, were analysed with an electron
microprobe. Also analysed were three tybes of slag, two of which are
shown in Figure 4.1g; "Slag A" associated the iron (ferrite) érains ABd
"Sfag Al" associated with iron of about 0.8%C content, at the pellet
surface. A further specimen "Melt Slag B" was obtained.from & ful]y re-
duced and melted pellet, Figure 4.1h. This slag was associated with the
high-carbon iron droplet and would represent the most red&ced Zlag or
"best case" to be expected from the reductiog of ore-coal bel]ets bonded
with bentonite. .Data from each specimen ana]ysis are presented in
Appendix A4.2 in the form of computer print-out sheets, while Table 4.1
summarizes the chemical composition for.eadh phase. Four separate areas
were averaged for the fayalite and eutectic g]ass}whi]e Slag A, Slag Al
and Melt Slag B are averages of three separate.arfas. Miﬁroprobe éna]yses

of solidified slags are sometimes difficult because when cooled, the

slags are no longer single-phated. For instance; the high-silica slags
may have precipita%es of tridymite (5102). Also| the larger FeS globu]gs
were avoided whenever possible in order to 6bta1 a more representative:
.overall composition. . .
A pure_ fayalite crystal (2Fe0+510,) contdins, by weight, 70.6%
Fe0 and 29.4%'$10,. From Table 4.1 it can be sgen that Mg0 is a sul-
stitute constituent for FeO in the fayalite crystal and 1t is known that
it forms a solid solution with FgO and S10, §4 ). It would be more, |
cﬂrrécé to call this phase an olivine (ZIMg,F#)O-Sioz) but since the

Mg0 content is small, fayalite is preferab]e:f Sulphur (as FeS), A1203,

[ .
t

Ca0 and K,0 have been segregated to a eutectic glass consisting mostly of
< and Fafl / ‘

SRS ON
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Fayalite Eutectic Slag A Slag Al Melt Slag B
wt % ‘wt % wt % wt % wt ¢

Mg0 2.0 0.2* 0.5 2.3 ' 3.7
A0, 1.1 1.9 4.§ 7.3 10.1
510, 30.1 44.3 36.5 52.8 66. 4
S 0.1% 0.9 1.8 0.3 0.1*
K,0' 0.0* 0.4 0.1* 0.5 0.8. )
Ca0 0.1* 2.1 , 1.2 " 1.3 2.2
Fe0 66.4 42.4 51.1 32.3 13.6
Total .99.8 102.2 9.0  96.8 96.9
* . trace ampunts )

-

Table 4,1: Electron-microprobe analyses of slags formed during
. reduction of ore-coal pellets bonded with 2% bentonite

= r
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A
The three slags A, Al and B show progressively 10WFr Fe0 contents

as they become assOc1ated with iron of rising carbon content. They are,
of course, the same s]ag at different stages of reduction. Also, the

decreasing amount of sulphur in the slag can be related to previous

\experiments whergin most of the sulphur transfers to the’ iron melt; an

expected result since the slag basicity is extreme]y/1ow. Should large
melts of iron be produced from ore-coal pellets bonded with bentonite,
it would be reasonable to expect; from the,nnalysis of Melt Slag Q, that
the slag }roduced would contain at least 15% FeO.

The formation of a fayalite-type slag and the reduction of wustite
and slag, as shown in the photomicrographs of Figure 4.1a to h, can be
illustrated further with the help of a binary FeO-SiO2 phasé diagram
where the oxides are in equilibrium with metallic iron. From an examin-
ation of the phases depinted in the nhotomicrographs, an approximate
temperature and phase field have been deduced and superimposed upon the
phase:diagram in the ﬁprm of a dashed curve, as shown in Figure 4.2.
Along the curve are points lettered a to h which correspond to the photo-
micrographs of Figure 4.1. Also, for the purpose of illustration, the
slag compositions A,_A] and B have been simplified to a binary system
wherein A]203 was added to 5102 and the small amounts of Mg0 and Ca0 were
added to the FeQ content. Solidification of those areas which are in

the 1iquid regions, would then correspond to those phases found in the

photomicrographs.

(46)
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Figure 4.2: Binary phase diagram for the system FeO-SiO2 in equilibrium

with metallic iron (after Muan and Osborn).
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A similar slag formation and reduction path can be devised by
plotting an estimate of the‘phase fields from the photohicrographs and
slag compositions on an FeO-SiOZ-A]203 phase diagram (47). As shown in
Figure 4.3, the dashed ]jne is the ppproximate reduction path and the
points lettered a to h correspond to the photomicrographs of Figure 4.1..
As in the case for the binary illustration, Mg0 and Ca0 were added to the
Fe0 content and the approximate slag analyses A, Al and B are plotted on
the diagram,

Each point on the phase diagram is consistent with what 1s seen
in theAcorresponding photomicrograph and with its chemical analydis,
when available. For ekxample, the-position of point "e" was found by \
noting from the photomicrograph (Fig. 4.le) that fayalite c}ysta]s (m96%)
precipitated from the s]aé melt and left an interdentritic eutectic glass
(~10%), and then perfocgﬁng a mass balance using the chemical analysis

of each phase. The position of the eutectic glass can be fotnd on the

diagram at the lower end of the iron cordierite phase field. A check of

the chemical composition of the eutectic fhom Table 4.1 will confirm

this; the silica being too high by 4% due to the presence of pre;ip1tated
tridymite. fﬁg slag formation and reduction path was found to be a

curve rather thai a straight {ine because, it is reasoned, most of the
silica, as a constituent of the ore, was available immediately to form
fayalite, early and at lower tehperatures, whereas dissolution of a]umiaa
into the slag would be delayed. About 40% of the alumina input was in
the form of bentonite clay and a further 40% would come from the coal ash.
Hence, a large portion of the alumina was not available for dissolution

until later in the slag formation and.reduction sequence.
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The formation and decomposition of fayalite under a nitrogen
atmosphere have been investigatéd by Baldwin (49). His conclusions were:

(i) Fayalite can form from an intimate mixture of Fe0 and S10, abové

2
800°C by solid-state diffusion; well below its fusion point of )

nisec. N\ . .

(i) Fayalite forms more readily when alumina is present and when above
1050°C. |

(ii11) Formation of faya]ife occurs less readily in the presence of mag-
nesia and is completely suppressed by lime; also lime decomposes
fayalite. H

(iv) With small amounts of 1ime (1ime/silica ratios < 1), Fe0 is held
in the form of complex iron-calcium silicates. With large amounts
of 1ime (1ime/silica ratios > 2), Fe0 is compiete]y eliminated g
from all silicate complexes. v

A]théugh Baldwin was investigating pure faya]ife, his conclusions help

to explain the formation of the "fayalite" in the present work and sho

.that 1ime and/or magnesia should be used to prévent its formation.

The kinetics of reduction of fayalite by Hy, €O and CO + H,

mixtures have been investigated by Gaballah et al. (50).

They found
Al ‘ |
that™t takes about 10 minutes to attain <70% reduction at 1000°C using
pure HZ; that fayalite is practically irreducible in pure €O, and mixtures
of CO + Hz"broduced intermediate results, measured in hours (at 950°C).
Clearly, in the present work, where a pellet “is reduced and melted in y

. under 2 minutes, it can be said that gaseous reduction of a fayalite-type

slag is négligib]e.

o=
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L. von Bogdandy and Engell * (51) describe an investigation by //

JiGEr-5" hon s s gt T P T LI :\'i

Ty

Krainer et al. (52) in which molten slags containing iron d”de were

AN
reduced by coke and graph1te.j They found that slags -with 70%\{e0 and a
~

2

Ca0/§102 ratio of 1:1 were reduced about 7 times as quickly’as fajETTte

(70.5% Fe0). No times are given as the slags were trickled through a

coke bed. .
Three major points need, to be emphasized. Fayalite is very easy
to form and very difficult to reduce. Reduction by carboq?Leither as

coke or as carbon in 11thd'1ron-seems to be the only way to reduce a

fayalite slag, The beét way to solve the problem is to prevent fayé]ite

from forming in the first p]ace by add?ng suff1c1ent lime and/or magnesia.
Reduction of ore-coal pel]ets bonded with bentonite would be ex-

Jpected to produce a slag having a low melting éoint and a high Fe0 con-
tent. This fayalite-type slag would have a tendency tq}]imit the carbon
(o
' content of the resultant iron melt to less than 2.0%. Increasing the

: _ b :
percentage of coal in the pellet would not raise the carbon content of

L b

the iron melt to mny appreciabfle extent. In fact, as discussed in

[ETOUSNEIL e

N

Seétion 3.4.1, not only was it found that there seemed to be an upper ’]
. B : ' . C 1
r>limit of about 2.0%C but raising the coal content of the pellets from the

22-23% range to above 24% was found to be detrimental in that no iron .

melt'wés formed at all. After reactidh, the pellets disintegrated into
AN
a powdery mixture .of tiny ironrslag droplets and carbon, because it was

reasoned, the excess carbon prevented the droplets from coalescing.

- S\)
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The slag is considered to hinder carbon transfer to the iron
melt-in two ways. Firstly, since the slag forms and melts at a tempera-
ture below 1200°C, it can physica11y'separate coke from iron by shield-

ing the iron within the iron-slag agglomerates ang thereby 1ihit the

- opportunity for direct contact between coke and ‘iron. Secondly, any

{

high-carbon droplets which are formed, immediately would be engaged in a
s1a§/meta1 reaction which would Tower both the FeQ content of the slag
and the carbon content of the iron. The s]ég formed from bentoni£e~ﬁbnded
pellets would have very Tittle desu]phurizing capacity because its
basicity ratio would beextremely low. Also, slags of higﬁ Fe0 content
are very corrosive to re ragtory 1ining;. For these reasons,'use of this
type of pelget in the higﬁitemperature 6rocess 5¥esent]y under conéidera~
a

tion, is not recommended. \

rd
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4.,3.2 Ore-Coke and OreJGraphite Pellets Bonded with Bentonite

The microstructure at the surface of a partially-reduced 79% ore-
19% cokgypellet bonded with 2% bentonite is i]]u;trqted in Figure 4.4,
After etching the specimen wjth 2% nital, it was observed that the sur-
face, to considerable depth, was covered w%th what had been molten iron
oxide-iron silicate slag which contained a few patches of high-carbon
iron (v4%C). It can be noticed that the coke particles, large and
small, touch nefther the molten oxide nor the iron.

»

The microstructure at the surface of a partially-reduced 81% ore-

17% graphite pellet bonded with 2% bentonite is illustrated in ngure 4.5,

After etching the specimen with 2% nital, two major di fferences from_ore-‘

coke pellets became apparent. Firstly, although both specimens contain
droplets of high-carbon iron (m4%5, the carbon in the iron from ore-
coke pellets is in the form of cementite, a hgrd white phase of Fe3c,
whi]é tﬁe carbon in the iron from ore-graphite pellets is in éhe form of
very small graphiﬁe flakes, 1m?gdded 1n‘a pearlitic matrix. It would
seem reasonable to assume that the reason for this difference is that
graphite surfaces were available which nucleated the growth of graphite
flakes in the liquid 1;on droplet. The second major difference is that
the graphite particles in the pellet seemed to be physicaily attgched to
high-carbon 1r6n droplets and a]so;ﬂin close broximity ta‘the molten

. N
oxide slag. ™~

N,
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Figure 4.4: Microstructure at the surface of a paftia11y reduced
79% ore - 19% coke pellet bonded with 2% bentonite.
Nital etch. Magnification 100X or L___1 100 wm.

Figure 4.5: Microstructure at the surface of a pértia]]y reduced
81% ore-17% graphite pellet bonded with 2% bentonite.
Nital etch. Magnification 100X.
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It will be remembered from the previous chapter (Section 3.4.2)
that ore-graphite pe]]etﬁ‘produced iron whicﬁ was nearly carbon-saturated,
while ore-coke pellets (%éction 3.4.3) produced iron with little or no
carbon content. A possible explanation is as follows. Red&ction of iron
oxide in either coke or graphite pellets 1s delayed until the temperature

:rises above; saf’900°c; becausé there is no coaf, and thus very little
hydrogen or hydrocarbon volatiles in the systém to promote earlier and
faster reduction. Also, éince these same gases are absent, they can not
cool fhe pellet surface‘as they pass through it, and thus the surface
hisés in temperature at a rate higher than that when using coal as the
reductant. From the abovg and observing ghe microstructure at the surface
of both types of pellets, it may be said that most of the ore melts before
it is reduced to iron. When carbon and iron oxide reactlhﬁhﬁ;gzoduct gas

/45 €0, which in turn can réduce more oxide, However, in this case, gaseous
reduction can be expected to be quite slow. A considerable portion of the

molten ere can be seen to be an iron silicate or fayalite-type slag.

" About 15% of a molten ore could become iron silicate T the ore originally

contained 5% SiOz, but this proportion would increase as iron oxide is
reduced. As discussed in the previous section, reduction.of such an iron
silicate slag by CO is neg]igib]e; Reduction by cq;bon or by carbon in
liquid iron .is considered the predominant mech;ﬁﬁé;.,

From Figure 4.5, it can be seen that the éraphite particles maintain
contact with the molten 1;on drop]ets. It is feasoned that the graphite
particles feéd carbon to the iron droplets and in doing so, they are them-

selves dissolved by the iron. The carbon in the iron droplets, in turﬁ,

P N A



However, the coke particle is still available for regeneration of CO2 té

9

reduces the molten ore and thus the iron droplet increases in size, The
end result is a melt of high-carbon iron, in spité of the fact tﬁat the
ore melted before it was reduced. o
On the other hand, from Figure 4.4, it can be seen that coké
particles are less likely to-maintain contact with either molten jron or
oxide. Some must be in contact, of course, or else there would be no
droplets of high-carbon iron, The explanation, which seems the most
likely, is that as carbon is removed from a coke partic]e‘by an iron
droplet, a residue of molten ash builds up and coats the surface of the
coke which cquEes the particle to lose contact with the iron droplet.
2C0, but in doing so, it finas itse]f within an envelope of gas, touching
neither molten iron no} iron oxide slag, Reduction off-gases, mostly CO,

then can blow the coke particles f}om the pellet and thereby decrease the

carboit available for reduction. The carbon in the molten iron droplet is

. decreased accordingly by reaction with the molten iron oxide slag, and

the end result is an iron melt with 1ittle or no carbon content.
Ore-coke and ore-graphite pellets had not been considered as feed

material for the proposed reduction process. This investigation into

N

their reduction behaviour was part of the inquiry to find reasons why
bentonite-bonded ore-coal pellets produced iron of only 2%C content.

Coke dust may be used as a reductant in direct-reduction processes oper-
ating at lower temperatures to produce sponge iron but it can not be
recommended as a reductant in_the high-temperature process presently under

consideration.

>
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4,.3,3 Ore-Coal Pellets Bonded with Cement

Abseries of photomicrographs showing the internal pellet micro-
structure, from centre to Surface of a partially reduced 63% ore-22% coal
pellet bonded with 12% cement (anhydrous) is presented as Figure 4.6a to d.
This particular peLlet was Teft in the hot zone of the furnace for some
60 seconds before being cooled; about 10 seconds longer than the bentonite-
bonded pellet. As a result, reaction at the centre had progressed to
the point where liquid slag had formed, while at the surface, the pelTet
had partially melted into Targe globules of iron and slag.

Figure 4.6a shows the tentre of the pellet where the magnetite

had been reduced to wustite and the wustite has been parti;lli]reduced to

. iron. The web-like grey material is coked coal. In some preas, especially

in the upper-right corner, some of the calcined cement has been lost from
the cut face during sample preparation. A major observation from this
photomicrograph is that the wustite had begun to fuse with cement, pre-
sumably, to form a glass-like slag. Figure 4.6b is an enlargement of the
area in the lower-}1ght corner 6f Figure 4.6a. Calculations based on
stoichiometry show that when hydrated cement is calcined, say during peliet
reaction, the remaining constituents are, approximately, 60% 3Ca0-251’02
(rankinite), 25% éaO and 15% complex calcium aluminates. During reduc-
tion, wustite and these phases most likely would react together to fAZm

a glass-like Ca-olivine slag, CaO-FeO-SiOZ. The photomicrograph shows this
s]ag as part of the iron-wustite-slag agglomerate. The cellular-like

structure probably was caused by off-gases from reduction which bubbled

through the semi-1iquid mass.
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Figure 4.6a: Centre of pellet. The wustite grains are partially
reduced to iron. The mottled web-like material is
coked coal. Unetched. Magnification 300X or L_130 um. °

ngure 4.6b: Centre of pellet. Enlargement of lower-right corner of
above. Wustite has fused with cement to form a glassy
slag (Slag 1). Unetched. Magnification 600X.

Figure 4.6a to d: ITNustrations of the microstructure from centre to surface
of partially reduced 63% ore-22% coal pellets bonded with 12% cement (anhyd.).

" &' ‘\\‘ ' | ;
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Figure 4.6c: Subsurface of pellet showing iron-"Slag 2" agglomerates
and coke particles. Unetched. Magnification 300X.

Figure 4.6d: Szrface'of pellet. The iron-s]ag;coke mixture (right)
coalesces upon melting into large drops of iron and
"Melt Slag 3" (left). Nital etch. Magnifichtion 100X.
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Figure 4.6c shows that just beneath the surface, most of the wustite
had been reduced and the iroh-s]ég agglomerate still was in a pasty semi-
fluid staté. Figure 4.6d shows the pellet surface at a lower magnification
(100X), where the iron-slag-coke mixture collapses upon melting to form
large globules of high-carbon iron and slag. The microstructure has been
etched with 2% nital in order to show the carbon contents of the iron
phases. The iron on the right of the photomicrograph in the iron-slag-
coke mixture has very little or no carbon dissolved in it, while the
large iron globule on the left contains about 2%C. The white phase within
the iron globulte is cementite, the dark, pearlite.

The glass-like material, "Slag 1", tentatively identified as Ca-
olivine, shown in Figure 4.6b, and "Slag 2" from the iron-slag agglomerate
shown in Figure 4.6c, were analysed with an electron microprobe. Slag
associated with high-carbon globules, which was considered representative
as "melt slag" and similar to thaf shown in Figqure 4.6d, was also analysed.
Data from each specimen analysis are presented in Appendix A4.2 in the
form of computer print-out sheets while Table 4.2 summarizes the chemical
composition for each phase. Four separate areas for each of thé three
phases were averaged.

As a pure compound, Ca-olivine contains by weight, 38% FeQ, 30% Ca0
and 32% 5$10,. From Table 4.2 it can be seen that the wustite-cement re-
action product, Slag 1, is in fact Ca-olivine. Slag 2 and Melt Slag 3
show progressively lower FeQ contents which implies that fhe Ca-olivine
slag was reduced progressively until the final melt slag composition was s

reached. It can be seen that the melt slag holds more sulphur than that
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from reduction of bentonite-bonded pellets, mafn]y due to its increased
basicity ratio. A]éo, the melt slag contains very little FeO.

The formation of Ca—o]iviné a%d the reduction path of wustite and
slag, can be illustrated by plotting the slag compositions on a CaO—FeO-SiO2
phase diagram(bg). As shown in Figure 4.7, the dashed line is the approxi-
mate slag formation and reduction path and the points numbered 1, 2 and 3,
correspond to the slags shown in the photomicrographs of Figure 4.6. The
compositions from Table 4.2 were simplified somewhat by adding the small
amounts of. A1203 and Mg0 to SiO2 and Ca0 respectively which may shift
slightly the phase boundaries and liquidus isotherms, but not enough to

upset the illustration.

* - trace amounts

Table 4.2: Electron-microprobe analyses of slags
formed during reduction of ore-coal pellets
bonded with cement

Slag 1 Slag 2 Melt Slag 3
wt % oWt % wt %
Mg0 2.9 2.3 4.1
A1,04 0.4 3.7 5.4
510, "32.5 31.4 . 38.3
5 0.1% 0.4 0.8 ‘
Ky0 0.0* 0.0* 0.1% K
a0 3.4 45.1 46.7
Fe0 33.8 14.9 .2
Total 102.1 97.8 97.5

ann
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Fighre 4.7: Phase diagram for the system CaO-FeO-SiO2 in contact with
metallic iron (48).
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The path from Fe0 to Slag 1 is unknown and hence was drawn as a

straight 1ine. The wustite-cement reaction forming Ca-olivine most likely
started through solid-state diffusion at a temperature somewhat below

the melting point of any of the phases involved., After the temperature

A

rises sufficiently to allow the Ca-olivine to melt, the reaction would
proceed much faster with both wustite and cement phases feeding the slag
melt. Another point to remember, is that while Ca-olivine slag is being

formed other wustite grains aré bejng reduced by C, CO and H2. %
it a1 (52)

Py

In Section 4.3.1, a discussion point was that Krainer et al.
fbund that slags with a CaO/SiO2 ratio of 1:1 were reé&ééd 7 times as
| quickly-as a fayalite slag. The present work seems to be in agreement,
for the melt slag from cement-bonded pellets carries very little Fe0 while
the reduction time is about the same as. for bentonite-bonded pellets.
Reduction of ore-coal pellets bonded with cement would be expected /i::>
:

to produce a slag with a lTow Fe0 content as well as a high-carbon iron
~ melt which would be desulphurized to a considerable extent. Howevgrf’ijh

pellets would carry a heavy penalty in that they would produce\i:i?/ﬁs-‘hts

Yy

of the order of 350 kg/tonne of iron.
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4.3,4 Ore-Coal Pellets Bonded with Carbonate

A series of photomicrographg showing the internal pellet micro-
structure, from centre to surface of a partially reduced 66% ore-é3% coal
pellet, bonded with 11% calcium-magnesium carbonate (Q.7% Ca0 + 1;é% Mg0,
as calcined -flux), is presented as Figuret4.8a to f. The pellet main-

tained its original radius of about 6 mm, but cracked somewhat during

reduction. Also, this pellet was left in the hot zone of the furnace for -

some 40 seconds before being cooled; about 10 seconds shorter than for
the bentonite-bonded pellet. ]

At the centre 6f the pellet (Fiqf 4.8a) it can be seen that iron
had not yet nucleated on the wustite pértic]es. In fact, etching of the
specimen in an aqueous solution of SnCl2 revealed that soﬁe of the larger
particles had centres which were still magnetite (Fig. 4.8b). Thé weB;
like grey material is partially coked coal and upon closer examination

some carbonate ar perhaps lime can be seen, but most seems to have been
.y - '

" lost during sample preparafion. In both upper and lower right-hand corners

oﬁ Figure 4.8a, large silica particles can be identified.

&

At a radius of about 3 mm (Fig. 4.8c) iron Had begun to nucleate

and grow on the wustite grains and at 5 mm (Fig. 4.8d) each wustite grain _\;

had an envelope of very porous iron. It can be noticed also, that the

silica particles, for the most part, had been constrained by the presenceﬁ

of lime to maintain their iq;e%rity and not form large amounts of iron
silicate slag. At the pé let surface (Fig. 4.8e), all of the individual
wustite grains have been reduced fylly into rosettes of iron. Interwoven

with the iron rosettes are particles of coke and areas of slag.

~
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The pellet described above had been left in the hot zone of the-
furnace for only 40 seconds before being cooled and therefo}e, the pellet
surface had not yet bequn to melt. Another peldet of similar composition
was allowed to remain in the hot zone for 60 seconds before being cooled.
Melting was nearly complete and the "end producté, slag and iron, are shown
in Figure 4.8f. Coalescence of iron and coke into drops of iron of about
4%C content was extremely fast and no evidence of an intermediate stage
was fo;nd. The melt slag was qpqgue and greyish in colour and is shown
on the left of the photomicrograph. Etching of the specimen with 2% nital
in order to show the carbon content of the iron also etched the slag
which revealed a dendritic solidification pattern.

| The reduction of iron oxide grains into iron rosettes within a
carbonate-bonded pellet is so radically different from that thch happens
in a bentonite-bonded pellet, that it bears closer examination. During
the reduction of bentonite-bonded pellets, a low melting point fayalite
slag was formed which coalesced.into an iron and liquid slag agglomerate.
The end products were a slag which had a high Fe0 content and an irén
melt which had low carbon and high su]phurﬂcontents. On the other hand,
during the reduction of carbonate-bonded pellets,.each iron oxide grain
was reduced\individua11y into an iron rosette by H2 and CO gases. There
was no evidence of a Tow melting point slag nor any agalomeration. The
end products gere a slaé containing 1ittle or no Fe0 and an iron melt of
high carbon and low sulphur Fontents. Success seems to Be tied to‘two

™
things; reduction of iron oxide whi}e”in contact with lime, and the re-

action of silica with lime which-frevents the formation of an iron sili-

cate slag.

<
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Figure 4.8a: Centre*of pellet. Wustite grains and large silica
particles (upper and lower right corners). Web-like

material is coked coal. Unetched. Magnification 300X
orl__130 um.

LS

F1gure 4.8b: Centre of pellet. Many wustite grains still had centres
of magnetite. Etched. Magnification 500X.

v

Figure 4.8a to f: Illustrations of the microstructure from centre to
surface of partially reduced 66% ore - 23% coal pellets bonded

with 11% (calcium + magnesium) carbonate. p
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Figure 4.8c: At radius of ~3mm. Iron had begun to nuc]eatg anQ’ _
grow on the wustite grains. Unetched. Magnification BQOX.

[

Figure 4.8d: At radius of ~5mm. Each wustite grain developed an
envelope of porous iron. Very little reaction between
silica (upper centre) and wustite. Unetched.
Magnification 300X.
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Figure 4.8e:

!
)
Figure 3.8f

P

Sur¥ace of pellet. Individual wustite grains ha(egfiﬁ
beep/reduced into rosePtes of iron. Unetched. °
ification 300X. .
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: Final products, iron containing ~4%C and "Melt Slag C"
(left). Nital etch. Magnification 100X. :
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Figure 4.9}1\ Partially reduced wustite grains. Unetched.
Magnification 600X or L__415 um.
)

Magnificat 00X orl_J10 um.
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Depicted in Figure 4.9a are partially reduced wustite grains in
the unetched %0nd1t1on while Figure 4.9b shows, at a magnification of
1000X, one wui$1te grain which had been etched with Sn(:]2 in ethanol.

The wldmanstafyen type microstructure is typical of all of the partially
reduced wustite grains and indicates that .at the higher temperatures
during reduction these grains,_tentative]y identified as calcio-wustite,
were single-phased, but when cooled, calcium ferrite, most likely, pre-
cipitated onto the crysta]1ograbhic planes ofﬁgggﬁgpstite.

N Analyses of a number of the partially reduced wustite grains were
performed with the electron microprobe. Also analysed, were specimens
of the greyish "Melt Stag C" from the partially melted pellet shown in

Figure 4.8f. Since the slag can be seen to have primary dendrites and

an average chemical analysis was desirable, the specimens were moved

slowly over distances of about 500 microns during each 200 second. analysis.

Data from each specimen analysis are presented in Appendix A4.2 in the

forni of computer print out sheets while Table 4.3 summarizes the chemical

- composition of "Melt Slag C" (an average of four separate areas) and seven

separate grains of calcio-wustite.

-
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Calcio-wustite Grains

Melt 4

Slag C Wt %

wt % 1 2 3 4 5 6 7
Mg0 11.6 0.0*
A]ZO3 4,1 0.2*

; average of 7 grains

S1O2 38.1 0.4 * - trace amounts
S 0.8 0.1*
K20 0.1*% 0.0*
Ca0 40.3 11.5 8.2 5.6 7.2 5.6 1.9 2.4
FeO 0.8 85.0 91.8 90.4 . 87.7 92.4 95.1 95.9
Total | 95.8 97.2 100.7 96.7 95.6 98.7 97.7 99.0
Table 4.3: Electron-microprobe analyses of slag formed by the

reduction of carbonate-bonded ore-coal pellets, and
of partially reduced calcio-wustite grains.

e
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The carbonate-bonded pellets used in these partial reduction ex-

periments were from the 1ot identified as L9-1. From an input material

—

balance the expected slag composition was calculated to be K
‘ 12.7% Mg0, 5.4% A1203, 37.8% 5102, 44 1% Ca0

and was p]étted on the phase diagram of Figure 3.4 in Chapter 3. Com-

B Y i e i

paring the composition of "Melt Slag C*, listed in Table 4.3 with the
calculated values above, it can be seen that there is one minor but ek—
plainable difference. The actual lime content falls short of the calculated
va]ue by a small amount. The explanation is that the liquidus temperature
of the calculated slag was about 1550°C whereas the reduction test temp-
erature was 1500°C.  Thus a small amount of lime did not dissolve into
"Melt Slag C" and was left as a powder. The microprobe analyses were
performed only on the large drops of solidified slag found in the specimen.
In any case, most of the powder wou]d have been lost during specimen pre-
paration. These results, especially the ﬁinor difference between calcu-
lated and actual lime contpnt of the internal pellet slag, confirm the
arguments put forward in Section 3.5.4 of the previous chabter; viz., in
order to be effective, the slag should be molten and all lime and mag-

nesia should be dissolved in it.
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The seven wustite grains which were analysed with the microprobe
were typical of all the partjally reduced grains in the specimen and as
shown in Table 4.3, they contained Ca0 in amounts varying from 1.9 to
11.5%. The grains were chosen at random and were unetched-at the time
of the analyses. In a recent publication by Schurmann and Kraume(53),
the phase diagram Fe0-Ca0, at iron saturation, has been defined and is

shown as Figure 4.10. It would seem that during reduction the carbonate

bonding material was calcined and the resulting lime diffused into the

~iron oxide'(now wustite) grains. At 1100°C, wustite can be seen to accom-

modate up to 12 wt % Ca0. If, as in the present work, the calcio-wustite
was cooled quickly, calcium ferrite, 2Ca0-Fe203, would precipitate

and” as shown in Fighre 4.9b, it takes 'a habit parallel to the crystallo-
graphic planes of the calcio-wustite.

A significant observation and one with no satisfactory explanation
is that the partially reduced calcio-wustite grains analysed by the micro-
probe, contain little or no\MgO. This was unexpected because 20% of the
calcined flux (Ca0 + Mg0) addition was Mg0. Further investigation into
this anomaly is indicated.

Normally, during the reduction process, the calc¢io-wustite grains
are not cooled but increése in temperature and are reduced completely
into individual iron rosettes before melting. Over the'%ast several
decades, many researchers have investigated the beneficial effects of
caléium'compounds on the reducibility of iron oxides(54 to 58). A

detailed review of the various reduction mechanisms for 'calcio-wustite

postulated by these researchers is beyond the scope 6f the present work.
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Figure 4.10: Binary phase diagram for the sysfem Fe0-Ca0 in equilibrium

with metallic iron-(after Schurmann and Kraume (53).)
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Briefly, Seth and Ross(54) put forward the view that calcio-wustite is

unstable and d;;sociates into metallic iron and dicalcium ferrite.
Furthermore, upon reduction, dicalcium ferrite yields iron and lime, the
lime being available to react again with more wustite. The authors
admit that this explanation is probably an over-simp]ification.\

(55)

Khalafalla and Weston found that small additions of alkati and

alkaline earth metal oxides exert a strong accelerating effect on re-

. -

duction of wustite to iron. The extent of the reaction rate enhancement

was found to be proportional to the idqic radius and electronic charge t
of the accelerating additive. The increase in éate was attributed to

lattice distortion of the wustite caused by éhe addition of small amounts

of relatively large interstitial ions (ca**). This lattice distortion

affects the wustite’surface thereby activating it to reducing gases. It

would also enhanqe the diffusion of Fe++ ions from the gas/solid reaction

(56) 59)

surface to the nucleated iron A treatise by E]-Kasabgy( reviews

this area in detqi1 and provides further evidence that lime as a solute
in magnetite or wu;tite increases the rate of reduction of iron oxide.
In order to recapitulate events that occur when carbonate-bonded
pellets a}e reduced, it is best to return to the beginning. When such
pellets enter the hot zone of the furnace, the-coal starts immediately
to volatilize (above 400°C), but the carbonate bonding within the pellet
is somewhat slower to react. Appreciable amounts of carbon dioxide
would evolve from the cérbonate bonding only above 800°C. Pressures may

build within the pellet which could cause cracking; a concern which should

be investigated at a later date.
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Sulphur is both an organic and mineral constituent of coal.
During volatilizalion, the organic sulphur i§ evolved, perhaps as HZS,
which can react with many constituents of the pellet, e.q., Ca0, MqO,
. Fe0 or Fe. The mineral form of sulphur, mainly FeS, would remain rela-

tively inert at lower temperatures and would react with the basic slag
at a later time, .

Hydrogen, carbon monoxide and carbon reduce the iron oxide part-
icles; wustite and lime react to form calcio-wustite which in turn is
reduced very quickly by the gaseous reductants.

Lime and magnesia react with the silica and alumina of the ore

"and with the coal ash to form a basic slag and thereby prevent the for-
mation of fayalite, olivine, or other iron silicate s]ags:

The carbon left as coke after volatilization of the coal, acts
mainly to regenerate the reduction off-gases H20 and CO2 into more
H2 and CO. When reduction is complete, the coke particlés are entrapped
within a mesh qf reduced iron and during the melting stage, they supply
carbon to, the incipient iron melt.

_Reduction of ore-coal pellets bonded with carbonat; would be ex-
pectedfto produce a slag with a low Fe0 content, as well as a high-
carbon melt. Also, the melt would be desulphurized to a considerable
degree. For these reasons, this type of pellet should be considered as
feed material for the high-temperature reduction process presently under

consideration.
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4.4 Summary

Composite pellets of iron ore and coal bonded with bentonite,
cement and carbonate were partially reduced and examined metallographic-
ally and by microprobe analysis in order to obtain a clearer understand-
ing of the reaction mechanisms within each type of pellet.

Reduction of ore-coal pellets bonded with bentonite produced an
agglomerate of fayalite slag and iron which when melted completely resulted
in an iron melt containing less than 2%C and high sulphur contént. The slag
formed from such pellets would be expected to have a high Fe0 co;tent.
fhis type of pellet is not recommended for the process under consideration.

Ore-coke and ore-graphite pe11e£s bonded with bentonite are also not
recommended mainly because there is insuffic{ent gaseous reduction of the
iron oxides within the pellets and the ore melts before it is reduced.

Reduction of ore-coal pellets bonded with cement produced an
agglomerate of Ca-olivine slag and iron, but the initial high FeO)content
of the slag was reduced quickly. The final products would be expected
to be a slag with a Jow Fe0 content and an iron melt of high carbon content
which would be desulphurized to a considerable extent. Cement-bonded
pellets would carry a penalty in that they would produce a large amount
of s]ag and therefore can be considered a second choice, at best.

Dur{ng the reduction of ore-coal pellets bonded with carbonate, each
iron oxide particle reacted with lime to form a calcio-wustite grain

which was reduced individually into an iron rosette. No'intermediate slag

of high Fe0 content was formed. The final products would be expectea\to be

a slag with a very low Fe0 content and an iron melt of high carbon and Tow -

sulphur contents. This type of pellet should be considered as the feed

material for the high-temperature reduction process presently under study.
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CHAPTER 5
ANALYSIS OF THE QFF-GAS FROM PELLET REDUCTION

5.1 Introduction

The overall reaction of pellet reduction, which is a summation of
several chemical reactions, is endothermic. Hence thermal energy musf
be supplied to the process. One way to do this is to burn the off—das
from reductipn with oxyger, within the reactor. In order to ga]cu1ate
how much heat would be made available by gombuﬁtioh, the chemical compo-
sition of the off—gés must be knoWn.. To this end, pellet reduction
expe%imedts were performed wherein the cumulative volume of the off-gas
was measured and concurrently, gas samples were taken for chemical
analyses by gas chromatography.

The pellets used in these experiments were from the lot identified
iﬁ Chapter 3 as K1 and were composed of 62.8% ore, 22.0% cqa]lagg/fZ.Z%
cement (anhydrous). After hydration and_d%jing théA§gment p;;portion
rose to 15.2%, the increase in weight bq{ﬁg water of hydration. These
off-gas pna]ysis.exberiments :;}e perfotméd concurrent to @he K series
A(ceme;t bonding) and pfior to the L series (carﬁonate‘bonding) of experi-
ments on the reductign of se]f—fyuxing pellets. The high water Toading

from cement-bonded pellets represents, as wi]] be’ discussed 1afer, the

worst case when seeking a highly combustible off-gas from pellet reduc-

tion.
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5.2 Experimental Procedure

An alumina crucible was held in the resistance tube furnace at
1500°C. Two pellets, totalling about three grams were held by a small
cotton thread within the furnace, at the top where the-iemperature was
about 100°C. The furnace was puréed first with argon, then simultaneously,
a very small piece of pellet (about 0.1 g) was dropped into the crucible
to react and the flow of argon was shut off. This procedure displaced
most of the argon from the furnace and subsequent gas t-ain and replaced
it with a gas of roughly the same composition as that which would be
measured. After resetting the volume meter to zeré, the test pellets
were allowed to drop into the crucible to react. ' )

A large volume of off-gas and soot formed immediately and this
passed through a heated furnace cap, a glass wool filter, a dew-péint
indicator, and lastly, a wet test meter where -the cumulative volume was
medsured at ten-second intervals. A small §ect1;q of polyethylene tubing
between the furnace cap and the dew-point indicator allowed syringe -
sampling of the off:gas. The sampling times during the 120 sec. runs,
wére approximate but could be grouped into samples taken at 15, 20, 30
and 40 seconds. After several preliminary trials, five test runs were

carried out. On two runs, high pressure during the first few seconds

~ caused some leakage from the furnace cap and thus they could not be used

for volume data, but the remaining three were averaged for a volume
verses time plot. Syringe samples of the off-gas from all five test runs

yere used for chemical analyses. LA

\
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5.3 Chemical Analysis

Gas analyses were performed using an F & M Scientific 700 Labora-

tory Chromatograph, manufactured by Hewlett«Packard. Two separating - I
columns were used; a column of silica gel for CO2 aﬁa]ysis and molecular
sieve 5A for H2, 02, N2 and CO. The columns were kept at 40°C while an
argon carrier gas was used at a flow rate of 20 m1/min. The filament
curreﬁt of the thermal conductivity detector was 120 mA while its temper-
ature was kept at 80°C. Operating techniques for gas chrohatography vary
according to equipment and columns used,. and to the gases being analysed.

(60,61)

Hencer the reader is referred to the literature for detailed

<«

chromatograph techniques. ; n I

Preliminary analysis showed that immediately after dropping the
pellets into the hot crucible, the off-gas from coal gasification con-
tained about 0.2 vol.% CH, and a trace of H,S at a level near the
detection limit (0.1 vol.%). These amounts were Heemed Fo be %néignifiJ

cant and thus the five gases mentioned previously, along with &ater ~

" vapour, were considered to be the constituent gases.which were to be

analysed. At no time during the reduction tests did the amount of sul-

phur in the off-gas rise above the detection limit of the analysis.

Calibration curves were obtainedby injecting various known amounts

of air (02 and N2), Hé, €0 and co, intc the columns and then measuring
e

the areas under their respec ive response peaks with a planimeter. This

resulted in a graph of area verses volume percentage for each of the

gases. The 2 ml syringe samples from the reduction experiments were
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injected into the columns and the ageas of the response peaks were cal-
culated and compared to the calibration curves. Since the pellet reduc-
tion tests took place in an air-free atmosphere, and in the presence of
tarbon; no detectable free oxygen was expected in the off-gas. When
oxygen was detected, it was assumed to come from air leakage into the
syringe at the time of sampling and so:z%n equivalent amount of nitrogen
was subtracted from the nitrogen values. Two out of a total of fourteen
samples were rejected because of excessfve air leakage; the rest had
0.6% 0, or less. The water vapour content was calculated from the dew-
point measurements.

It shou]d be empha{:;;; here that a highly accurate chemical anal-
ysis was not>necessary in view of. the objective. In order to calculate
heats of combustion, it was necessary only to identify the off-gas cqnstﬁ-
tuents along with their, approximate volume percghtages. For example, at
Tow percentaée levels, i.e. at 1.5% C02, tﬁe estimated accuracy is
+0.3% C02. Nhen’reporting co (oF'Hz) values at the higher bercentage
levels, e.g. at 54% Cb the estimated accuracy is *3.0% CO. These

ﬂist1mated accuracies wefe quite sufficient to allow combustion ca]cu]at1ons
and graphical representation of the chemical ana]faﬁs The first decimal
place is used only to show the most probable composition and thus no

attempt was made to have the gas percentage total 100%.
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5.4 Results and Discussion

5.4.1 Cumulative Volume and Rate of Gas Evolution

The cumulative volume in litres, of the off-gas from reaction of
ore-coal pellets bonded with cement was measured at 28°C and at an atmos-
pheric pressure of 749 mm Hg. Three separate runs were averaged; then
the volumes were converted to 1itre§ per gram of pellets and.corrected
to STP (0°C and 760 mm Hg). Table 5.1 lists the data. The corrected
values were plotted versus time to obtain the curve labelled "Cumulative
Volume" in Figure 5.1. This shows that there was absut 0.44 litre of gas
produced per gram of pellets. Also, a "Rate of Gas Evolution" curve was
determined graphically by plotting the instantaneous slopes of the volume
curve (JV/dt at time t). These rate values, labelled "R" are listed in
the tast columh‘of.Tab]e 5.1. From Figure 5.1, it can be seen that after
an initial induction period éf abeut one second, the off-gas evolved at a
very high ra@e due to the rapid(gasificatioh of coal, decomposition of
cement an&/%ron ore reduction. This was followed by a sharp decrease in
e;olution rate and after about 90 sec:, off-gassing stopped. The pellets

took a further 20 sec. or so before collapsing into a molten iron droplet.
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Cumulative Volume

litres at 289C Volume  Volume || Evolution 3

Tine and 749 mm Hg Average at STP || Rate, R x10
sec. |Run2 Run 4 Run § L/q 2/g 2/gs
1 0.00 0.00 0.00 | .000 _, .0Q0 19.5
M0 | 050" 0.4 043 | e 29 13.0
20-170.95 0.72 0.75 | .258  .231 ¥~ 8.4
30- | 1.20 0.97 0.98 | .338 .302 5.6
40 1.45  1.10  1.13 | .393 .35 4.4
“| s0 .60  1.21  1.25 | .433 .387 2.9
60 .70 1.28  1.33 | .460 A1 2.0
70 .80  1.31  1.37 | .477 . 426 1.2
80 1.85  1.32  1.38 | .483 .432 0.5
9 | 1.87 1.33 1.3 | .488 .43 0.0

Weight of Pellets reacted, g

3.98 2.75 2.73

%

Table 5.1: Cumulative volume data of the off-gas from
reaction of cement-bonded ore-coal pellets.
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RATE OF GAS EVOLUTION, R=dV/dt, litre/qram second
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Figure 5.1:

TIME, sec.

Cumulative volume and rate of gas evolution of the off-gas

from pellet reaction.

GAS VOLUME, litres per gram at S.T.P.
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5.4.2 Chemical Composition of the Off-gas from Cement-bonded Pellets

The instantaneous chemical analyses of the off-gas measured at
various times during pellet reaction, are given in Table 5.2. The data
in the table labelled "e", were estimated by taking cognizance of experi-
mental conditions and thermochemistry, Detailed calculations and expla-
nation are given in Appendix A5.1.

The rate curve of the total gas mixture can now be partitioned
according to chemical composition so as to obtain the c~rresponding rate
curves for the individual components of the mixture during reaction.

Firstly, the rates of gas evolution (R = dV/dt) for the total gas mixture

\___._wére obtained from the graph of Figure 5.1 at 1, 15, 20, 30 and 40 seconds.

Then the rates were apportioned according to the chemical composition of
thé off-gas which had been sampled at those pertinent times. By way of
example, the off-gas at 1$.sec, evolved at a rate R = ]6.5 X 10’3 2/gs.
Since the hydrogen content of this gas at that time was found to be 47%,
then hydrogen evolved at (10.5 x 10°3) x 0.47 = 4.9 x 1073 &/gs. The
évo]ution rate Ri = dV1/&t (at time t) has been calculated in this manner
for each component "i" of the off-gas mixture and listed in Table 5.3.
Hence, it has become possible to plot the evolution rate curves for HZ’
Co, Héo, CO2 and N2 as shown in Figdre 5.1.

It can be observed from the gas evolution curves that the gasifi-
cation of coal and the cracking of the hydrocarbons produced hydrogen
(and perhaps some methane) at a .very high rate at the‘beg1nn1ng, then
tapered off, while carbon monoxide from the combined ore-carbon reactions,

fncreased. After about 50 sec., the coking of the coal in the pellets

seemed to be completed since hydrogen evolution ceased and the off-gas

- o
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Chemical Analysis, Vol. %
Gases 1 sec. 15 sec. * 20 sec. 30 sec. 40 sec.
H2 86.e 47. 39. 15.5 9.0 .
co 6.e 46. 54, 81. 88.
HZO ( 3.4e 3.4 2.8e 0.8 * 0.4e
‘COZ 1.5e 1.5 1.5 1.4 1.2
N2 3.0e 2.5 1.8 1.1 1.1
e - estimated
Table 5.2: Chemical analysis of the off-gas sampled at
various times during pellet reaction.
‘ -
1 sec. - 15 sec. 20 sec. 30 sec. 40 sec,
vo1z R x103] vorz R x10° [vo1z [R x103 | vo1z R x103 | vorz R x10°
OFF-GAS | 100. | 19.5 [ 100. | 10.5 |100. 8.4 { 100. 5.6 | 100. 4.4
H2 86.e| 16.7 47. 4.9 39. 3.2 15.5¢ 0.9 9.0 0.4
i Co 6.el 1.2 46. 4.7 54. 4.6 81. 4.5 88. 3.9
% H20 3.4 0.7 3.4 0.4 2.8¢ 0.3 0.8¢ 0.1 0.4e 0.0
w .
£lco,| 1.5 0.3} 1.5 0.2 | 1507 | 1.4f 00| 1.2] 0.0
O
e N2 3.0 0.6 2.51 0.3 1.8 0.1 1.11 0.0 1.1 0.0
e - estimated h units of R - ]itre/gram-secgnd at STP

Table 5.3: Partition of R, the rate of gas evolution from pellet reaction,

according to the chemical composition of the off-gas.
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became most]j carbon mono%ide. It should also be noted that there were
no significant amounts of H,0, CO2 or N2 in the off-gas at any time during
the reacfion.

In an 1hdustria1 process, it is most likely that pel&ets would be
fed continuously into a reduction vessel. The chemical composition of the
off-gas to be burned within the reactor would be, in essence, the average
composition of the off-gas from an individual pellet.. In Figure 5.1, the
area under the "Rate of Gas Evolution" curve represents the total volume
of gas evolved per gram of pellets reacted. Simifarly, the area under
the rate curve for each off-gas constituent represents its volume compo-

. P ‘

nent of the tota{/gas volume. Hence, by comparison of. the areas'under

the curves (volumes), the component percentages of the total gas volume
(average off-gas composition) were calculated and 1isted in Figure 5.1

and Table 5.4. The major observation is that 94% of the off-gas was

£

composed of hydrogen and carbon monoxide, in nearly equal proportions.

OFF-GAS VOLUME
COMPONENTS . PERCENTAGE

H2 . 41, + 3.

o 53. + 3.

. H,0 . 2.7+ 0.6
o, ¢ 1.2¢ 0.3

* N, | 2.1+ 0.5

{

Table 5.4: Average chemical composition of the off-qgas

f(om.reaction of ore-coal pellets bonded
with cement.
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The reaction of cement-bonded pellets produced an off-gas which was
highly combustible in spite of the high water content of the cement. The
release of water upon the heating of Portland cement is very comp]ex(62)
but most of the combined water will have been driven off by the time
the cement reaches 600°C. 1In the present case, where a pellet was being |
heated from its éurface towards its center, water vapour was being con-
tinuously supplied to the off-gas. If this water vapour had\escaped
unreacted, there would have been about 11% in the off-gas instead of 2.7%.
Since there was an abundance of CO in the off-gas, the water vapour most
1ikely reacted with CO (water-gas shift reaction) to produce H2 and COZ‘

Also, hot carbon particles within the pellet would be available for re-

action with water vapour (watér—gas reaction) to pfoduce H, and CO.
(63)

©

Carbon and iron also act as catalysts for the shift reaction which
would help to Tower the water vapour content of the off-gas at lower
temperatures. These reactions have been discussed more fully in Appendix

A5.1.1; the main point of discussion here is that the water vapour

" emanating from the cement had ample opportunity to react with either CO

or carbon within the pellet.

One problem which has not yet been pursued is an ebtiméte of the
amount of carbon soot entrained in the off-gas. . This problem can be
approached by considering coke-oven gas, in which about 60% by weight of
the hydrogen content of the coal evolves during coking in the form.of
hydrocarbons, m6§t1y méthane (CH4). This same ratio should apply to the
vo]ati]gzation of . the éoaﬂ in the outer ;egions_of a pellet. Carbon soot
was formed as thé off-gas emerged from the pe]]ét surface during the first

15 sec. of a test run. From the hydrogen curve of.Figure 5.1, this corre-
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sponds to about 75% of the coal in the pellet having been coked or in the
coking stage. Hydrocarbon volatiles from coal nearer the pellet's centre
cracked within the hot pellet and as a result, only hydrogen escaped.

The cemigf-bonded ore-coal pellets (K1) used in these experiments
contained 22.0% coal of which 5.4 wt % was hydrogen. The weight of
hydrogen input from the coal per gram of pellet was

0.22 x 0.054 = 0.012 g H

Hence, the amount of carbon scot entrained in the off-gas was
: ' 12(C -
0.012 g H x 0.60 x —z| { x 0.75 = 0.016 g C
4

in 0.44 % of gas. Thus, it is estimated that in one cubic metfe of off-

gas there was (0.016/0.44) x 1000 = 37 g of carbon soot. In a later

section, this value will be used in calculating the heat of combustion
of the off-gas. The contribution to the heat of combustion by the soot
was found to be about 10% of the heat value, and thus, even a large error
of say 30% in the estimate of soot in the off-gas would affect the overall

heat value by only #3%. However, since a large amount of soot was

observed during the first 15 sec. of peliet reaction, it would be a serious

oversight not to consider it in the.calculations.
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5.4.3 O0ff-gas from Carbonate-bonded Pellets - Estimates of

Volume and Composition

_In previous chapters it was shown that reduction of carbonate-
bonded pellets produced a melt with the desired ca}bon and su1bhur levels.,
Hence, it would be of interest to know the approximate off-gas composition
from reaction of this type of pe]}et.

A major difference between carbonate-bonded and cement-bonded
pellets is that during reaction there would be a continuous supply of
carbon dioxide from the carbonate bonding material jinstead of water vapour
from the cement. However, appreciable amounts of carbon dioxide evolve
from carbonate only above 750°C. Also, there would be an abunqant supply
of carbon from soot and coal (now coke particles) in excess of say, 900°C
with which the carbon dioxide would react befdfe it could leave the
pellet, i.e.,

COZ(g) + C(S) = ZCO(g) (Boudouard reaction)

\

.
The standard free energy change for this reaction is

AG° = 40,800 - 41.7 T cal/mol

whfch-has been obtained from Kubaschewski et al.(64). 5

The equilibrium constant K, for this reaction can be found from

the free energy equation, AG® = -RT 1n K.

-AG®  _ -8920

= + 9.1
4575 T . T

Hence log K =

-

X s B A B b bt
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At 900°C (1173°K), K = 32, but also by definition

2. 2

p p
k=0 _Teo g

a.p P
¢ Fco, Fco,

where the activity of carbon a, = 1 and pco'and Peo., are the partial
2

pressures of CO and CO2 respectively. If Peo T pc02 = 0.70; the remainder

of the gas being mostly hydrogen, then éubstition of Peo

2
Peo

2 -
ﬂ +32p, -22.4=
whence peo = 0.685 and P, ° 0.015 (equiv. to 1.5 vol % €0,).

' From the above: ca]cu]at1on, it can be seen that should the gases
approach the Boudouard equilibrium, wh1ch is most likely, then the carbon

dioxide content of the off-gas would be controlled to a very low level,

especially if the reaction temperature was above 1000°C. Indeed, this is

so even in cement-bonded pelléts because iron ore reduction has heen Enown'

to be a set of sequential reactions, viz:

. Feq 0, + CO = 3 Fe0 + €0,
Fe0 + €0 = Fe + O,
60, + C =2 CO (Boudouatd reaction)

124

Thus, it can be reasoned that since the Boudouard reaction plays a mjor

role in both cases, the average carbon d1ox1de content of the’off gas from .

r\

carbonate-bonded pellets should be about zﬁé same as that from cement-

"bonded pe]]ets, SR to 2%.

= 0,70 - Peo gives
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In order’io obtaip/fﬁé volume and composition of the off-gas from

q -

carbonate-bonded pellets, the following calculations are considered suffi-
cient when the objective is to obtain an approximate heat of combustion
term. Moreover, calculations of this type alleviate needless repetition
of difficult and timg;gonsuming experiments. Pellets from lot L9-2
(Chapter 3) were chosen as input material to an assumed reduction experi-
ment because their compogition was shown to be.bne of the.more promijjgg
b% the carbonate-bonded pellets which were reduced'to mgta1.

Pellet Analysis

66% ore of 94% magnétife and 6% gangue

- 23% coal of 5.4% H, 5.2% 0, 82.4% C and 4.7% ash
7.4% CaCO3 of 56% lao, 44% €O,
3.7% MgC04 of 48% Mg0, 52% CO,

Basis for calculation -- 1 gram of pellet (dry)

Input of hyﬁfogen (H): .

~ /
from coaT?-9723~x\%.054 = 0.0124 g -

- Input -of oxygen (0): - ,\d/
from ore:  0.667 0.94 x 64/232 = 0.171 g
from coal:  0.23 (x 0.052 =0.012 °
from CaC0y: 0.074 X 0.44 x 32/44 = 0.024 Coe
from MgC05:  0.037 x 0.52 x 32/44 = 0.014
Total oxygen input = 0.221 g

In order to keep the ca1cu]af1ons from becoming too cumbersome an approxi- -

mate total off-gas volume may be obtained by summing the input hydrogen

as H2 and the input oxygen as CO. This manoeuvre is possible and would

" *
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“a

erience gained in measuring the

off-gés from cemenfépéaaéé pellets, 95% of the off-gas would be expected

to be a mixture of H2 and EO. The minor constituents of the off-gas‘%ou1d

be expected to be 1% H,0, 2% C0, and 2% N,.

Approximate volume of the off-gas:

as H, : 0.0124(g;x 1.1 /9

as CO % 0.221 g x 0.80 %/g x 28/16

.Approx. total volume

M

0.138 2

1

0.309°

0.447 2

Individual percentages may now be calcu]afed while recalling that the

voldmes of the major constituents'shbuld be reduced by 5% to aﬁ]ow for

carbonate-bonded pei]ets {s as follows.

Hy : " 0.138 x 0.95/0.447
CO : 0.309 x 0.95/0.447
H20:
COZ:

Nz‘f 5

i

30%
65%
19

. the minor constituents. Thus the expected-off-gas composition from

(vol.)

%

e

~\

This calculated analysis 1is approﬁjmate but reasopable. Replacing

cement with carbonate as pellet binder lowers the water input and there- \

fore lowers the H2 content of the off-gas but increase§ the 502 input

which in turn, increases ‘the CO content of the off-gas. This analysfis,

~~

though 1imited by the very nature in which it’wa§ calculated, is quite

" sufficient to estimate a heat of combustion value of the off-gas from

carbonate-bonded pellets. It is expected that the amount of carbon scot

carried by the gas would be about the same as for cement-bonded pellets,

e, 37 g/mds

—
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5.4.4 Heats of Combustion and Flame Temperatures

In order to provide heat for the overall reduction react16ns, which
are endothermic, and to compensate for heat losses to the surroundings,
it is proposed to burn ehe off-gas and entrained carbon soot with oxygen
whieh would be lanced into the reduction vessel. It is reasonable to
assume that in the proppsed process, the-off-gas emerging from the re-
acting pelletswwould be at the process temperature (abeut_1500°c).just
prior to combustion with oxygen (25°C). A heat balance of the overall
process, to be presented later, will account for this sensible heat*along
with other considerations. Here, the heat of combustion of the off-gas
will be calculated at 25°C in order-that the net heating value so obtained

may be compared with those of other fuels.

' The average chem1ca1 compos1t1on of the off~gas from cement-bonded

l‘

pe]]ets was found to be by vo]ume,

“4]% Ho, 53% co, 2.7% H,0, 1.2% C0, and 2.1% N,.

The entrained. carbon soot was estimated to be 37 g per cubic metre of

off-gas at STP. The heats of reaction(64) for burning hydrogen, carbon

monoxide and soot with oxygen are:
Hz(g)-'*' 1/2 02(9) = H20(g) 4 AH29'8K = -57.8 kcal/mol

COg) * 142 Oy(q) = COp(q) 3 H3ggy |
C(s) + 02(9) = coz(g) 3 MH5ggk = -94.05 kcal/mol

-67.65 kcal/mol

Ny
The basis for calcutation will be one ‘cubic metre of off-gas at
STP, carrying 37 grams of carbon soot. Also, since the .chemical composi-

" tion of the off—gas is given as a vo]umetric percentage it will be

A
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\

recalled that the voluyme of 1 g mol. of an ideal gas occupies 22.4 litres

(0.0224 m3) at STP. The heat evolved is,

from Hy: (0.41/0.0224) x 57.8 -= 1060 kcal
from CO: ,(0:53/0.0224) x 67.65 = 1600
from C : (37/12) x 94.05 = 290 | .
| Total heat evolved = 2950 kéal ,
(12350 kJ)

The net heating value, sometimes called calorific power, of the

-

off~gas from cement-bonded ore-c6a1 pe]lefé is 2950 kcal/m3 (12350 kJ/m3)

“or (330 Btu/ff3). Similar calculations for the off-gas from carbonate-

bonded pg]lets yie]d a net heating value of 3030 kca]/m3 or (340 Btu/ft3).
The off-gas analyses and heating values for the two types of pé]]efs are
summarized in Table 5.5. For comparison, the net heating values of blast-
furnace éas is about 95 étu/fta; of coke-oven gas, about 510 Btu/ft3 and
of natural gas, about 930 &tu/ftB. ’ R

" The energy liberated in a flame can be represented by the adiabatic

-

flame temperature which is the maximum temperafuﬁe theoretically attain-

, able when a stoichiometric mixture of fuel-oxygen is reacted. This

témperature is roughly proportionaf to the heat of reaction up to about
2000°C, but at higher temperatures, ‘the dissociation of the ﬁroducts into

free atoms and radicals becomes important and the energy is shared by the

' enthalpy of the exhahgt géses %pd ‘the 1ncrehsjng amount of energy used

in the dissociation. Gaydon and WOlfhard(Gs) tabulate data giv{ng the
adiabatic flame temperature for a stoichiometric mixture of Hé and 0, as
2910°C and for a mixture of CO and 02 as 2700°C. Under controlled condi-

tions, actual flame temperatures approach 90-95% of these values.
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\
PELLET TYPE
Cement-bonded Carbonate-bonded
(measured data) (calculated data)
63% ore 66% ore
22% coal . 23% coal
15% cement , 11% carbonate
OFF-GAS ,
0.44 /g VOLUME 0.45 2/ -
- 471, %H2 . 30'.
53. %C0 65.
2.7 . %H20 . 1.
’1.2 : . %CO2 2.
2.1 %N2 u 2.
37 g/m3 ) C (est.) 37 g/m3
Net Heating Value
2950 | keal/m® 3030
12350 kd/m’ 12670
30 | Btuft’ . 340

-

4

Table 5.5: Comparison of the compgsition and net
heating values of-'the off-gases from cement-
* bonded and carbonate-bonded one-coal pellets.
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A majdr.question arises as éﬁ-whether the above information can
be used to obtain a flame xem;erature when an onye& Jet is Janced into
gaseous fuel. The short answer is that it can not, mainly because the
above applies to premixed flames wherein the fuel and oxidant géses react
immediately. An oxygen jet Qould form a turbulent diffusion flame which
would depend on éhe rate of mixing rather than on the rates of the chemical

processes involved. Also, a flame from an oxygen jet would be much less

concentrated spatially than measured experimental flames and hence it

“would be further awaynfrom adiabatic conditions. - Due to the lack of

published data (not surprisin§ considering the uniqueness of the case)

it can only be surmised that the flame tgmperéture would be several

" hundred degrees lower than the-calculated values stated above. A lower

flame temperature of, say 2200°C, would actually have an advantage, in
that there wou]d??ess dissociation of the combustion products and hence,
the flame would have a h%gher combustéon efficiency.

Another point to cons1derzis that tﬁe off-gas contains a measure
of Earbon soot which when burned, would increase substantially the lumi-
nosity of the flame. A high temperature Tuminous flame représeﬁts one
of the better ﬁethods to trensfer heat to cooler surfaces, i.e., to slag
and charge materials.’ Indeed, uQ1ess a foaming slag protects the furnace

walls, overheating of the refractories may become a problem.
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5.5 Summary

From an analysis of the off-gas from reaction of iron ore-coal

pellets bonded with cement it was found that the total volume of gas

evolved was 0.44 litre per gram of pellets reacted. When pellets were

introduced to heat (1500°C), the coal began to gasify immediately causing

a very high rate of hydrogen evolution during the first few seconds, then

tapered off, while carbon monoxide from the combined ore-carbon reduction
reactions increased. There were no significant amounts of H20, CO2 or N2

in the off-gas at any time during reaction. The off-gas from cement-

" bonded pellets contained, by volume, 41% H2 and 53% C0, while the off-gas

from carbonate-bonded pellets was calculated to contain 30% H, and 65% CO.

Heat of combustion ca1£u1at1ons showed that the off-gas from either type

!

of pellet would haveyathet heating ya]ue of about 3000 kca]/m3 (12500 kJ/m3)

or (340 Btu/ft3).
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CHAPTER 6
APPLIED METALLURGICAL THERMODYNAMICS

6.1 Introduction

The previous chapters have dealt with reduction aspects of
individual pellets. This chapter will give consideration to chemical
and thermodynamic aspects of the procegs, outlined in Section 1.2,
wherein composite pellets of iron ore, coal and lime are reacted at high
temperatures within a body of foaming slag to produce 1iquid iron. In
order to treat the proposed process in its entirety, computer charge
calculations ha{EMEgen made in which é series of simultaneous heat and
mass balance equations have been solved from given input data. These"
calculations are based on equilibrium thermodynamics and represent an
overall view of the process. The purpose of this chapter is to present
only the metallurgical data and reference sources which are re]evant‘to
the present work and to show how they are used. The theoretical basis
for these calculations is thoroughly hescribed in texts such as “intrdL
duciion to Metallurgical Thermodynamics"(67) by David R. Gaskell, and

n (69)

"Physical Chemistry of Iron and Steel Manufacture by Bodsworth and

Bell.

The reduction process shall be viewed, for purposes of calculation,

as one in which the reactants enter the vessel, are heated to the
reaction temperature, and then are reacted. The reaction temperature

was chosen as 1527°C (1800°K), a figure midway within the envisioned

134

T e s SNl e 4G PRI I e AN =T

RS O N



e

-

4 a e mEac

135

process temperature range of 1450-1600°C. Iron ore reduction will be
considered to be complete, i.e. all iron in the ore upon reduction will
transfer to. the iron melt. Slag/metal partition reactions will be used
to calculate the siticon, sulphur and manganese contents of the iron.
Here, it may be worthwhile to review our understanding of the
terms Jpe]]et slag" and “process slag", fof the two may be distinctly
different in chemical composition. When an individual pellet reacts,
an internal slag forms along with iron droplets and when the pellet
collapses into molten iron and slag, the ée]]et slag would join the pro-
cess slag in the vessel. As was seen in Chapters 3 and 4, the chemical

composition of the internal pellet slag should be controlied within

certain narrow limits in order to obtain the optimum sulphur and carbon

contents in the iron. On the other hand, the process slag is not so re~
stricted and through flux additions to the vessel, the slag composition
can be adjusted to obtain, say, a h%gher basicity, or a more fluid slag.
The slag/metal partition reactions considered in this,chapter are re-
actions between the iron drop as it falls through the bulk of the pro-
cess slag or betweén the metal bafh and the process slag. )

Most reference texts, research papers and compilations of thermo-
dynamic data employ the calorie as the traditional thermochémica] unit
whereas S.1. dictates that the Jjoule be the unit of energy. Rather than
convert all the data before use, it has been decided to use the data in
the traditional manner aﬁd afterwards, convert calories to joules, i.e.,

1 cal. = 4.184 J.
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6.2 Enthalpy Changes k\

The amount of heat required to raise the temperature of a reactant

from 298°K (25°C) to the process temperature T°K is given by

T e
M =f298 C, dT | ,

where,Cp is the molar heat capacity of the reactant. The heqt capacity
of a substance usually increases with increasing temperature and a con-
venient way of recording the data is by the use of an algebraic equation;
. S
Cp = a+ 2bT - ¢T

the constants of which are derived from experimental data. Hence the

enthalpy change or change in heat content becores

]

BH = Ky = Hygg = aT + bTZ + TV + d  cal/mol

Ke]]ey(74) has ‘compiled high temperature heat contént and heat capacity
data for most elements and inorganic compounds f&und in metallurgical
systems ‘and is used as the reference source for this study. As an
example, the enthalpy charige or heat required to raise oxygen from 298

t6 T°K is given by -

-1

He - Hpgg = (7.16T + 0.5 x 107 T2 + 0.4 x 107577 - 2313.)

cal/mol x 4.184/32 kd/kg

-In a similar manner,'enthalpj—changes as a function of temperature have

been recorded for all process components, namely

Fe304; 5102, A]203, MnO, CaO, MgO, C, Hz, 02, CO and COZ.

[ Py <
e I A M T B B e -

P N

-




. AR TE F S S

e a— s

137

6.3 Heats of Reaction

Enthialpy changes or heats of reaction for the formation of many
compounds can be obtaihed directly from ca]orinmtry(75), but for other
more gomp]icated reactions they can be found by applying the law of
constant heat summation, Heats of reactian are'temperature dependent and
can be related to the base temperature through the difference in the
heat capacities of reactants and products. The heat of reaction at
temperature T°K is calculated by adding to the standard heat of reaction,
AH°298, the enthé]pies of the products minus the enthalpies of the
reactants;

. .
AH°T = AH°298 t[é98 ACp dT cal/mol

Enthalpy changes arising from changes of state in-any of the products or
reactants, such as fusion, vaporization or dissolution into an iron meit,
should #so be included in the calculations.

It is possible, though laboriouf, to calculate heats of reactions
in the above manner using heats of formation, heats of transformation and
heat capaéity data. However, compilations by Elliott andiG]eiser(76)
have ﬁade.this unnecessary for they list the heats of formation at high
pemperatures for many compounds that are of interest in iron and steel-
making.\ As anlexamp1e, the heat of reactiod;pf the reduction of maanetite

A

‘)
by carbon is calculated at the reaction temperature of 1800°K.

7
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v
40(g) + 20, = 40Oy 8H® 00 = 4(-28,08D)

adding Fe304(s) + 40(5) = 3Fe(s) + 460(9) AH°]800 = 147,180 cal/mol

AR 1600 = 147,180 x 4.184/232 = 2654 kd/kg (Fe304) k

A positive value indicates that the reaction must have heat supplied to
it (endothermic) while a negative value indicates heat is-evolved

(exothermic).

In a similar manner, the heats of reaction for the combustion of

o, H2 and t with oxyé%n have been calculated, along with the heats of

reaction for the reduction of silicon and manganese oxides. i
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6.4 Slag/Metal Partition of Silicon

ey

6.4.1 Silicon Reduction Reaction

Silicon may be reduced from ore by carbon to a limited extent but

TR, e ———

mostly, the silicon content of an iron melt is determined by reaction

. o ey TITI LTI TRERPEL TP 2ol TS g i [ "

between iron and a silicious slag according to the averall‘reac%ioﬁ,
(5102) + 2[C]] wte [51]1 wty * 2C0(9) , (1) .
wherein the squared brackets indicate that the carbon and silicon are
dissolved in the iron melt, the standard states bejng 1 wtﬁ solutigps.
The round brackets indicate a constitutent of the s]ag{ the stapdard
state, in this éase, being solid si]ﬁga. This overall reaction is

comprised of several reactions which follow.

~

227,700 - 48.7T cal

0 + 02 ) ) . AGO = (2)
~
J}£+\Q [51]1 Wt AG° = - 31,430 - 1.717 (3)
- 2 ° = -
‘ C(gr + 02(9) 2 CO(g) ‘ AG° 56,400 40:32T (4)
: 2[C]] Wt% = 2 C(qug, AG® = - 10,800 + 20.2T '(5)
(5102) + 2[C]] Wty = [SI]] Wt + ZCO(g) AG°] = 129,070 - 70.53T cal (1)

The standqrd free energy change, AG®, applicable at 1800°K, for reaction
(2) has been obtained from Kubaschewski -et a].(75) and for reactions
(4) and (5) from E1liott et a].(77). The standard free energy.change for

reaction (3), which changes the standard state fﬁ0m pure liquid silicon

68,70 )

to lfyt% silicon in iron was derived< using the activity coefficient

(78)

of silicon in iron, as measured by Fruehan in combination with the
heat of solution of silicon in iron (at infinite dilution), as measured
by wooﬁ]ey and E]}iott(79).

The equilibrium constant K, for reaction (1) can be found from the

free energy equation; AG° = -RT 1n K,

.
n»m':w«sl-“"aﬁ Y S
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e ‘
Hence log Ky = ™1 = - 28210 + 15.42 (6)
4.575T T
but-also by definition,
he, p2 fo. [wt % Si) (7)
K siPco s |
] 2 2 2
(aSiOZ)hC '(aSioz) felwt % C]

where hSi and hC are the Henrian activities of silicon and carbon in iron

using 1 wt % as the standar‘d'state,‘,aSi0 is the activity of silica in
. 2
slag, the standard state being solid silica, and fSi’ fC are the Henrian

ractivity coefficients of silicon and carbon in iron, respectively.

CO,'the partial pressure of CO, may be set equal to one atmosphere as'
there is no other gas produced nor ava11ab1e at the sIaq/meta] reaction

site. After taking the 1ogar1thm and rearranging, equat1on {7) becomes

Tog[wt % Si] = log Ky = log fg, + ]Og(aSiOZ) + 20 f¢ L 2 Tog[wt % C]
" (8)

The silicon content of the iron can be calculated. from equation
(8) when the- react1on temperature, the carbon content of the iron and
the composit1on of the s1ag are known. ’ijhe reaction temperature allows
calculation of log Ky from equation (6); the carbon conteqt of the iron
allows ca]culatjon of the activity coefficients of silicon and carbon;
and lastly, the slag cbmpositibn allows the activity of silica to be
calculated. These tatter calculations, the activ%ties of silicon and

carbon in iron, and the activity of silica in slag are explored further

\\;jﬁ the fo]]owin§ sections.
- , 7
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6.4.2 Activities of Carbon and Silicon in Iron

The Henrian activity of solute "i" in iron is defined as

where fi is the Henrian activity coefficient and is itself a function of

solute concentrations in the iron melt. In general, if iron is component

1in an ﬁ-component system, then the activity coefficient of the ith

element js

or Tog

For each element i, log f can be expan?ed by.a Taylor series as a func—
tion of the concentratibns of the solute elements but s1nce the solution

is dilute, the §econd and higher ordered terms can be neglected; hence

n -3 log fi' _ n 3
log fy =5 ———— [wt-% 3] =13 ef [wt.%]]
2 awt % i=2 .

where eJ the 1nteraction coefficient of joni, can be obtained from
compilations by E]llott et a] (77) Bodsworth and Be]l( %) and Sigworth
and E]]lott(ge). A fuller exp]anation of the treatment derived by
wagngr(8]), may be found-in.theﬁreferencetexts(67 69)

In the present ‘case, carbon, silicon, manganese and sulphur are

the major so]ute§.to‘be considered in these calculations. Hence,

log f; = ec[wt % C] + ec’[wt %511 + eg”[wt % Mn] + ec[wt % 5]
log fqy = e51[wt g Si] + eS1[wt % C] + e [wt 4 Mn]‘+ esf[wt % S]

[ S
. <
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The interaction coefficients; eg, are Ja]iq only if all solute
e{ements are in dilute concentrations and depactures.from Henry's law
are small. This condition is met by all except carbon, which is en-
visioned as varying from 2 to 4%. In consulting the original research

(82,83)

papers where, for example, log fC was plotted against [wt % C]

and .the slope
d log f¢

%

4 4wt gc]

gt infinite dilution
" defined eg,'jt was found that higher pongentratioﬁs, this tangent line
diverged from the curve ahd errors.became substantial. In order to
alleviate this difficulty, a line was drawn from 0%C to intersect the
curve at the 3%C level which thereby ensufed that whep the'slope of this

]1ne was multiplied by [wt ¥ C], the correct value of log fc at 3%C was

obtained. Thus, for éhe present study,‘the interaction coefficient; re-
flecting high carbon concentrations havl been redefined as egc and egg.
The ‘interaction -coefficients for carbon, silicon, sulphur and
manganese in iron have been summarized in Table 6.1. Those for sulphur
and manganesé wﬁl1 be used in later.sections. Since the maﬁgaﬁese and |
“.sulphur contents of the iron aré éxpected_to be low, and since their
effects on the activities of carbon ana silicon/are very small, it can
beé Seen'thqt véry little error would incur should their effects be neg-
lected at this stage'. Hence, carbon and silicon will be considered to

be the on]y solutes contributing to hc and h51 The activities thus can

be ca]culated as follows.




D

v

Solute Dilute Adapted
J Solution to 3% C References
C 0.22 0.18 17, 82
o Si i +20.08 80, 83, 87
Cw -0.012 80, 84
S ~ 0.046 80, 85
- Si L 0.084 78, 83,.87
J C 0.20 0.24 83
®si ‘ T
T Mn 0.002 80
S 0.055 80, 85
-0.028 85
J 0.114 0.14 85
eg \
Si 0.063 . . 85
Mn -0.026 85
Mn 0.00 80
j c -0.07 -0.07 80, 84
€ (
Si 0.00 80
S -0.048 ~ 69, 80

Table 6.1: Henrian interaction coefficients, e%, for

carbon,silicon, sulphur and manganese in iron.
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then  log h, = log fg + log
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For carbon, since hc,=_fc[wt % C]
féf + log [wt % C]

| e2’ [wt % €] + &3' [wt % Si] + log [wt % C]

i

0.18 [wt % C] + 0.062 [wt % Si] + log [wt % C]

For silicon, since h = f51 [wt % Si]

log f§} + log fC + log [wt % Si]

then .log hSi

egg [wt ¢ S1] + egg [wt % C] + log [wt % Si]
0.084 [wt % Si] + 0.24 [wt % C] + log [wt ¥ Si]

ijg)s Activity of Silica in Slag |
The activities of silica 1n molten Ca0- MgO-SiO2 A1203 slags have

(86). For the restricted range of blast-

been studied by Kay and Taylor
furnace slags, these results were represented by a graph of 3540 against
) ) 2

an empirical reIétionship-R = % S10, ~ (% Ca0 + % A1,05/2 + % Mg0/3).

’Th1s relatipnship was replotted in a later publication by Tay]or(87) and
‘adobted by Bodsworth and Be11(7]) in their text, as

log a5102 = - 0.032 (¥ Ca0 + % A1203/2 + % Mg0/3 ~ % 5102) - 0.65
(at 1556%¢C) .
(86 )

The silica activity ‘'was found -to decrease by a factor of 0.89 for a

50°C rise in temperaéure_frdm 145011500-1550°C and hence a temperature

dependence equation was derived as

log agcoz - 01001(1550 TC) + 1og agfgo
~where TG is the temperature in degrees Celsius.

| ' In summary, log aSiO , " corrected for temperature, can be obtained
from tﬁc above re1at10nsh1ps when the composition of the molten slag of

blast-furnace type, is known. ' \ i
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6.5 Slag/Metal Partition of Sulphur

The transfer of an element from iron to slag, or vice versa, has
been shown to be an electrochemical reaction between an iomic solution
of molten oxides and molten ‘iron containing diverse solute elements.

Sulphur is transferred according to the cathodic reaction,

’

: o
[S)ipon * 2e[5~ (s )slag (10)
and in order to maintain neutrality, a number of anodic reactioms can

take place simultaneously; e.g.,

[Fe] - 2¢"-= (Fe2™) * (1)
(027) - 2¢” = [0] (12)
[si] + 4™ = (si%h) T 3)

-

Since the iron melt usu%]]y contains carbog, then the evolution of CO

o

~

can result from

[irop * [0D4p0n = ©O(g) (14)
Combining equations (10), (12) and (14) results in the fonic equation

[S]iron * [C]iron + (Ozu)slag = (Szu)slag * CO( (18)

g)
and the equilibrium constant is
| (ag 2-) Peg
Kig = >~

T Gag) g
The api]ity:of a slag to hold sulphur, therefore, is dependent upbn the
activities,of’both 0% ions and‘Sz' ions in the ;lag. Combining other
equations, such.as.for sulphur and si]iéon.transferf results in a similar
_deéendgncy_on‘oxygen and sdibhuf ions in the slag. .

F2EN
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6.5.1 Concept of Basicity

Ionic concepts of slag constitution have beeg very successful in
‘explaining slag/metal reactions, but still it is diffigu]t to put such
an ionic treatment of slags fo practical use._ Although related to slag
composition, the properties of single ions cannot be expressed indepen-
dently from a host of other ions in the slag. Mindful that §]ags are

) }onic in nature, many difficu]ties are alleviated by considering slags
as if they were so]qtions of neutral oxide molecules. Then, the results
" of reactions, such as the desulphurization of iron, can be plotted against
empirical numbers based on slag composition. Perhaps the most useful
is the concept of basicity, developed before the ionic treatment of
slags, but quite adaptable to it. .

The oxides, e.g. $10,, Al,05, P,0g which form anion complexes in
molten slags knef&ork formers) are $aid to be acidic, while the oxides,
e.g. Ca0, Mg0, MnO, FeO which break down the anion'complexes (network

modifiers) are said 'to be basic. The ratio of basic bx1qe§ to acidic

oxides is called the bésicity ratio, a rather Toose term since there

ce—‘ >

.. are numerous ratios representing‘indusgria] slags. Oldest is the simple
"Vee rati ﬂ;~equél_io—wtﬁfTEﬁﬂaﬁ?;;;;02 but more‘comp11catea ratios have
been devised in order to characterize slags more fully. Blast-furnace

" ironmakers may use % Cal + % Mg0/% 5102 + % A]203 while steeTmakers may
substitute Po0c for Alz“s: The proportions of each constituent in the
ratio shou{d be noted carefully, since ratios may be developed from

researchgdata on a'molar basis (not necessarily equi-molar), then con-

verted tb wt %.
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/”f___,//ﬁgi;Lnram, Macfarlane and Be11(?8) investigated the desulphurizing f

power of CaO-MgO-A1203-5102 slags and found a correlation with\the"

\

molar ratio \\\‘?\\\\\\\\

VNMgQ ~ o ) N
Neao + 72— (% Ca0) + 0.7 (% Mg0)

m
(o)

Nsio

N . .

3

It is the above wt % ratio, defined as "Basicity Ratio B", that has been
. used in the present work and is the basis on which the slags of €hapter'3

(and Appendix A3.3) have been described. In summary, the use of basicffy‘ o

ratios to describe slag characteristicé is very practical, very useful T\\\“T

and very empirical.
f

J
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6.5.2 Sulphide Capacities of Slags

The slag/metal distribution of sulphur can be represented by the

4

"molecular" equation g - .
[S]iron * [C]iron * (Cao)slag N (Cas)s1ag * Co(g) (16)
where
(acas) Peo
T —

(ac,0) hs*he

Here, should the activities of Ca0 and CaS in slag be known, tnen the parti-

tion of sulphur between slag and metal can be calculated. ‘Unfortunately,
data on CaS is available only for binary CaO—A]203 and CaO-SiO2 slags;
the more complicated b]astlfurnace slags have yet to be investigated.

In contrast to the lack of data on the activity of CaS, many
investigations have determined the sulphide capacities of slags:. A gas
niQEEFE‘WTth‘knewn\snlghgp“and'ogygen‘po;¥1a1 pressures is qui\ibrated
with a 11qu1d slag of known composition. Hence the reaction is

(Ca0)gy,q+ 1/2 sz(g) (CaS)g1aq *+ 172 Oy (7)

or in jonic form

2~ 2

for wh1ch the equilibrium constant is .
K = = —_—
17
(a5) p (3,) P
0‘slag 52 0 . S2
. ko
Rearranging gives ' o : -
: p 1/2
K17 (ag) 0
- = (wt % 5) | —
n (Ys) | Ps
. )

where n 1s a factor- to convert atom fraction N§ to (wt £ S) in the slag.
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" The activity of oxygen ions in the slag (aO) and the activity coefficient

TLa

of sulphur in slag (YS) are unknown but both are fgnctions only of
temperéﬁqre and slag composition. For a given temperature and slag

composition, the sulphide capacity is defined as

1/2
> p
0,
Pg
2

Published-data for many slags has allowed Venkatadri and Be11(89) to

“establish a correlation at 1500°C between C and the slag basicify ratio,

(% ca0) + 0.7 (% Mg0)
0.94 (% 510,) + 0.18 (% A1,0,)

The data were shown origina]]y as a graph but Bodsworth and Be11(72)
have estab11shed the equation of the best straight 1ine through the
data as _
log' Cg = 1.39 (B) - 5.57
. (at 1500°C) ' 0

The sulphide capacity of a.given slag was estima‘ced(8 ) to 1ncrease with

temperature by a factor of about 1.3 for each 50°C rise; hence, a tem-

,perature dependence equation was devised‘as -

TC .

Tog ¢1C = - 2.25 x 107> (1500 - TC) + log c]5°°

S

where TC is the temperature in degrees Celsius.
In summary,.log CS’ caorrected for temperaturé can be obtained ‘
from the above relationships when the composition of the molten slag
4

{of the type from blast-furnaces) s known. _
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6.5.3 Sulphur Distribution Reactions

The slag/metal distribution of sulphur may be determined according

to the overall reaction,
[S]] wt % + [C]] wt + (Ca0) = (CaS) + Co(g) \ (16)
wherein the squared brackets indicate that sulphur and carbon arq?ggs-

solved in the iron melt, the standard states being 1 wt % solutiohs. The

round brackets indicate a constituent of the slag. This overall ¥Yeaction

1%
is comprised of several reactions which follow.

(Ca0) + 1/2 52{95 (CaS) + 1/2 02(9) ~ 8G® = 23,010 - 1.34 T cal (17)

S] =1/2 SZ(g) AG° = 31,520 - 5.27 T .~ (18)

. [c] = c(gr) ‘ AG® = - 5,400 + 10.1 T (19)
c(gr) +1/20, = co(g) | AG° = - 28,200 - 20,16 T (20)
[S] + [C] + (Ca0) = (CaS) + co(g) AGSg = 20,930 - 16.67 T cal (16)

The standard free energy change, AG®, applicable at 1800°K, for reaqi
tions (18), (19) and (20) have been obtained from Ell{ott et al.(77); for
reaction (17)., AG° will be derived later in this_sectfon.'

The gqﬂi]ibriuﬁkconstant for reaction (16) can be found from the
s

" free .energy equation, AG° = - RT 1n K. Hence
. _ &
AGig 4570 ,
log K]6 =, - = + 3.64 ' (21) -

4.575 T T
but also by definition,

(acas) Pcg |, Yeas (Wt %5) peg

Kyp = ———— " (22)
16 .
(aca0) hs*he : (?Cao) hg*he ‘ :

"

where n* is a factor to convert mote fraction NCaS to (wt % S) in the

W T b i
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slag. fLonverting to logarithms and rearranging, equation (22) becomes

»
!

(Wt g's) p Yeac n*
log Ky, = log ———— + log -0 + log ~Las
16 h h a

S C Ca0

151

(23)

From the discussion in the previous section, it may be remembered

that activity data on Ca$S and Ca0 in complex slags are insufficient, but

that sulphide capacities are known and can be used 1nstead:

is Gomprised of three reactions which follow.

(Ca0) +HyS gy = (€aS) + Wy AG°

"o0tg) = Ha(g) * 1/2 Oy  8G° = 60,200 - 13.84 T

fa(g) * V/2y(4) = HS(q) 46®

L]

e

- 15,650 + 0.87 T ca)l

- 21,540 + 1173 T

(CaQ) +1/2 S 2(g) © (CaS) + ]/2~G§Tb ]7 = 23,010 ~ 1.34 T cal

Reaction (17)

 (20)

(25)
(26)

(17)

The standard free energy change’, applicable at 1800°K for reaction (24)

has been obtalned from Rosenqvist( O) for reactions (25) and (26), from

Elliott et a].( ).

The equilibrium constant/for reaction (17) is

-0Gyy 5030
]Og K]7 S m—— = + 0-29
, 4875 T /, T p

but also, by defjnition

Yoas ™ (Wt 2S) (g 4172

. (acao) pS

(ap.c) (P
CaS 02

K =
17.
: (acag) | Pg )

(27)

i o

—~—
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.. Substitution of Tog Klﬁ from equation (21) ;;yf]og Ky7 from equation (27)
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:

slag. Converting to logarithms and rearranging, equation (28) becomes 2
Po, /2 Yeas ™ : .
log K]7 = log (wt % S)[——— ] + -]og[ ,] . - (29)
AP a
52 Ca0
Since. ' Py, 11/2
log CS = Jog (wt % S) ;~—§ , 3
Ps ;
2
Yeas ™ W : e ™
then\ | - log - = log K17 - log CS
{ “Cal
which can be substituted into equation (23). Thus T {
- (wt % °S) Pco
log K¢ = Tog :—;;*———~ + log ;;—- + log Ky - Tog Cg . (30)
- s °C

allows equatio; (30) to be solved for the equilibrium wt % S contained
in a slag for which C; can be calculated. If Pco = l‘énd.the carbon,

‘ g
silicon and sulphur contents of the iron melt are known or chosen, then

460 :
Tog (wt % S) é[—;f- + 3.35] + log hp + log Cg + Tog hg (31) o
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Calculation of CS, the sulphide capacity of a slag was discussed
in the previous sectjon and calculation of hC’ the Henrian activity of
carbon in jron was discussed in Sectign §.4.2. In a similar manner, hS’
the Henrian activity of sulphutr in iron can be calculated “as fo]]ows;

For sulphur, since hg = fg [wt ¢ S] , then

109 he = log f§'+ log_fg + Jog fgi + log fgn + log [% S]

ex (351 + el [3C)+ ey [%5i]+ el [2 Mn] + Tog [ S]
~ 0.028 [% S+ 0.14°[% C] + 0.063 [% S1] - 0.026 [% Mn] + log (% S]

u

s 3¢ _Si Mn

" The interaction coefficients ey g s € and ec are listed in Table 6.1

in Section 6.4.2, and are taken from the work of Baniya and Chipman(Bs). .

In summary, the slag/metal distribution of sulphur according to
reaction (16) can be calculated using equafion (31) wherein substitution
of the reaction temperature,\ﬁulphide capacity of the slag and the

- Henrian activities of carbon and sulphur in iron will allow the per-

centage of sulphur in the slag to be calculated.
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6.6 Slag/Metal Partition of Manganese

6.6.1 Manganese Reduction Reaction
 The manganese content of an iron melt may be determined according

to the overall slag/metal reaction,

(MnO)l+ [C]] Wt g [Mn]] wt gt CO(g) ‘ (32)

wherein the squared brackets indicate carbon and manganese are dissolved
in the §ron melt; the standard states being‘;\Wt % solutiqhs. The round
brackets indicate that MnQ 1is a constituent of the slag; its standard .
state being solid MﬁO. The overall, reaction is comprised of several

reactions which follow.

.
-~

MnO(S) = Mn(l) + 1/2 02(9) AG° = 97,550 - 21.2 T cal (33)
C(QY‘E + ]/2 Ozsg) = CO(g) AGO = - 28,200.- 20.16 T (35)
C]] Wt % - C(gr) ' ‘. AG - - 5,400 - ]0-1 T (36)

(Mn0) + [Ty yy o = D]y r g +00(g) 465, = 63,950 - 40.38 T cal  (32)

The standard free energy change,iAG°, applicable at 1800°K, for reac-
tions (33), (34), (35) and (36) have been obtained from E1l1ott et a1t’’).
The equilibrium constant for reaction (32) can be found from the

free energy equation, AG® = - RT 1n K. ~

[N

‘AGO‘ | 4
32 -13,980 _
Hence, log K32 = = : + 8.83 (37)
4.575 T . '
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but also by definition,

bun"Pco  Tinl® M ey
* Yo" n(¥n0) he

(38)

Knm =
* (ayog) ¢
where an is the Henrian activity coefficient of manganese in iron, YMno?
is tﬁe activity coefficient of MnQ in slag and ﬁ is-a factor to convert
mole fraction Mn0O to wt % Mn0 in the slag. Aithough‘n varies with slag
composition, for biagf-furngce tybe slags containing less ‘than one per-
Yent Mn0, a mean value n = 0.011 may be taken.‘ Bodsworth and Be11(/3)
" estimate that YMnO:: 1.0 at 1540°C for the type of slags being con-
> -/.sidered here. If Peo = 1, then equation (38) can be rearranged as
(% Mn] " h '

C
= Kao*Ypny*N* —— . : (39)

~ { : _ .
The equilibrium constant K3, can be obtained from equation (37) while
. the calculation of_hc, the Henrian'actiwitf of carbon in iron was dis-~_
cussed in Section 6.4.2. In a similar manner‘th'or fyp -can be calpulat7d
as follows. :
' For manganese, since ‘ HMn = fyy, [Wt % Mn]
fhen _ .
log fm: + log f§n+ log fﬁ; + log
el 13 Mn] + e3C [ ¢ ¥ &Sl [% 517 + &3 [% 5]
Mn . Mn . hn “Mn
0.0 [% Mn] - 0.07 [¥ C] + 0.0 [% Si] - 0.048 [% S]
- 0.07 [% C1- 0.048 [% §7 - |

Tog i

I ]

i

-

"
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The interaction coefficients are listed in Table 6.1 in Section 6.4.2.
The wt % ra£ib of manganese in iron to Mn0 in slag can be obtained from
) equat%on (39) which when combined with.a total Mn0 input to the system,
can determine the slag/metal distrjbution of manganese.
6.7 Summary
Tﬁermodynamic equations have been derived and presented which
///;ummarize enthalpies, heats of reaction, and slag/metai partition reac-
tions for silicon, sulphur and manganese. ‘These equations will be used
in the next chapter in which computer charge calculations will be made

using simultaneous heat and mass balance equations.

]

S,
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CHAPTER 7
PROCESS ANALYSIS - COMPUTER STUDY

7.1 Introduction “_

. Computer charge calculations were made in which a series of simul-
tangdué heat and mass balance equations were solved from given input data.
These calculations are based on equilibrium thermodynamics, presented in

the.previous chapter, and represent an overall view of the process. The

_input data include iron ore and coal analyses, a chosen operating slag

compos ition, operating and preheat temperatureé, anq the required carbon
and ;ulphur:cohtents of the molten iron. |

In order to ensure that the process slag would indeed be liquid
and present no viscosity problems at the operatiné temperatures, it was .
necessary. to choose a slag compositioﬁ beforehand and impose this restric-
tion dpon.the computer-modelled system. Carbon, si]icon and heat‘bhlance'
equations were chqsen-as those best ab]e to describe the process. Once
the dnknoyns, namely, cgg] weight, flux silica ang excess heat,kere fnnP N
puted, other parameters,\sqch as ‘the slag weight require& to carry the h
sulphur ?nput, could readily be calculated. - . _ ?
. Tﬁé output {computer print-out}_1nc1udes.requ1red2ch%rge weignts,

slag weight, the C, Si, Mn.and S contents'of~the fron, heat génerated,

. heaf réquiﬁed and excess heat. A1l are given in kg or kJ per metpic

tonnq'of hot metal produced. The term “hot metal" usually refers to .

1iquid iron’produced by a blast furnace bdt'can, by extension, be used

_ uto‘desg%ibe 1iguid fron préddcig by the proposed direcp-reductién process.

157
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The computer program presented in this chapter is quite modegt;
it is neither sophisticated nor all-encompassing. Its purpose is to
show the effects of process variables suéh as temperature, hot metal
carbon and sulphur, and slag weight on input materials required toﬁpro-
duce a tonne of hot metal. The prngfﬁm 1§ flexible in that most input
data can be changed at will, but in order not to swamp the reader with
a multitude of graphs, only particular cases are considered.‘ The results
presented may be considered as examples of the type of information which
may be gajned from such a program.

7.2' Description of Computer Program

The major areas of the computer program (written ih FORTRAN IV for

a CDC 6400 computer) will be describedwbriefly and sequentially from

input through to output. A compilatioﬁ of variable names and data used

in the program is presented as Appendix A7.2 while the program itself is

. presented as Appendix A7.3.
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7.2.1 Input

.The iron ore and coal analyses used in the program were essentially

the same as those used in’'the laboratory expe;iments described in pre-

vious phapters: However, the alumina content of the ifon ore seemed to

-be unusually low and thus was increased from 0.3% to 0.5% in order to

satisfy slag reqdirements to be ‘described 1ater. Although there was
little or no manganese oxide in the ore used in the experiments, 0.2% Mn0
was added artificially to the analysis in.order to give tﬁe program |
fﬂexibi]ity in computing the manganese partition réactions between slag

and metal. For purposes of §1mp11f1cat10n, all of the iron content of

- the magnetite ore was considered to be in the fbrm of Fe304 and-that a1] ‘

of the iron oxide from the ore was reduced into the iron melt, 1.e., no
iron losses to fume or slag were considered.

There were no changes to the coﬁI analysis. The 5.2 wt % oxygen

_content” of the coal was assumed to evolve as C0 as part of the coal’ s

volatile matter, In Chapter 5 1t was estimated thatﬁabout 8% of the
total carbon content of the coal escaped from the composite pellet as

soot and hence would not be ‘available for chemical fpactioh,within'the

pellet. To account for this carbon loss, a correction factor for effec- .

tive carbon ut111zat1on (EFF = 0.92 for the base condztx&n of maximum °
utillzat1un) was used in the carbon balance equation‘

‘ _ ‘The slag compositioq was selected befbrehaqd, not iny gp'pnsure
that it would be liquid‘at‘thé_bberatiqg téhperatu}e but also to ensure
that the most_baéic slag possible (for desulphqrizat%oh) was' being -used.

A »
v

-»

A complété 1ist of input data Jan.be found in Appendix A7.2,

-
-
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7.2.2 Enthalpies and Heats of Reaction

‘ Enthalpy changes as a function of temperature were recorded for
all of'the process components. Two formulae for each component were
Jisted; the first to obtqin'the energy required to heat the material from
25°C up to the operating temperafhre; the second, to obtain the energy
required to. heat the same material from 25°C up to the pre@sat tempera-
ture, The difference between the two was- the enthalpy requirement,
within the vessel, of that componént.‘ Enthalpy requirements ofviron ore
(Fe304, 5102, A1203) were fairly straiéhtfonﬂard, but coal and calcium,
hagnesium carbonate presented problems because they decompose well before
reaching the dperating temperature. As an approximatioh, these'materials
were treated as if they were assemb11es of their components, j.e., coal

was considered to be carbon, hydrogen and CO (oxygen), while the carbon-

" ates were considered to be Cal, Mg0 and C0,. The development of the

formulae was presented in Section 6.2 while the appendices give-a com-
plete 1ist of names (A7.2) and formulae (A7.3);
Hedts: of reaction for the conbustion of €0, H, and C, the reduction

he oxides of iron, silicon and ‘manganese, the Boudouard reaction

- (conversion of CO2 to C0), the dissociation of carbonates the formation
" of slag and the solution of carbon in iron are listed in Appendix A7.2,

‘The heats of dissociation of. the carbonates are applicable within the

temperature range of 45031150°K while all other heats of reactién were
calculated at 1800°K (1527°C) as explained in SECt{YSin;l and 6.3. The
probess may be vieyed ihgrmodynamfca1ly:és one in which the reactants enter

the Qessel,'aré,hqated to the reaction temperature and th9n are reacted.

In this way, the heat contents and volumes or weights of the reaction

»‘product§ are not necessary to the calculations.
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7.2.3 Si, S and Mn Partition Reactions

The development of the thefmodynamic equa;ions for the slag/metal
partition reactions was presented in Sections 6.4 (silicon), 6.5 (sulphur)
and 6.6 (manganese). The equations were transferred directly into the
program (A7.3) with no changes other than substituting FORTRAN variable
names (A7.2). Using known values for operating:temperature, slag com-

position and hot metal carbon content, the activity of silica in slag

-and the activity of carbon in iron were calculated, Trase, in turn,

allowed the calculation. of the hot metal silicon content.

The slag composition and its temperature Qere used also to cal-
culate the su]phide capacfty of the slag. This, a]Bng with the activity
of sulphur in iron was,USed to obtain the percentage of sulphur the slag

could carry under equilibrium conditions. Percentages; rather than

weights, were calculated at this stage because the weight of coal re-

quired by the process had not yet been calculated and thus the slag

weight required to carry the sulphur input was-not yet known. "The weight

per cent ratio of hot metal manganese to‘MnO in the slag was calculated

in a similar manner.

NI
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7.2.4 Solution of Simultaneous Equations

<&

The heart of the computer program is the so]viag of the heat and
mass balance equations. The approach or technique used was to formulate
three independent linear equations in three unknowns and then solve the
equations simuttaneously using a library sub- rout1ne (SIMQ for IBM users,
MAS005 fgp/éyc users) which is hased on matrix algebra. The three equa-
tions were obtained from carbon, silicon and heat ba1ances'of the process.
By separating the variables, these equations were fitted into a matrix
» ’ N
A
Carbon eqn: A]]X].+ A12X2 + Af%X3

of the following form.

Silicon eqn: A21X] + A22X2 + A23X3 = 82
Heat eqn: A3]X] + A32X2 + A33X3 = B3
,where the unknowns are X, = Egal Weight
X, =<F{ux Silica Wefght
,X3 = Excess Heat

[

‘Each of the three equations 'are derived 'and explaéned in detail

in Appendix A7.1. : .

~
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7.2.5 Slag Weight and-Carbonate Requirements

The weight of coal required by the processy ca]éulatéd from the
simultaneous equations was then used to obtain the slag weight required
to carry the sulphur input from that quantity of coal. This was done by

a simple sulphur balance whereby sulphur "in" equals su1phur "out"; 1i.e.,

COALWT * CLSU/100 = SLMWT * SLSU/]OO + HMWT * HMSU/100

= CLSU HMSU
or SLWT = COALWT * IRy - HMAT * S

where COALWT = Coal weight, kg
CLSU  =%Coal sulphur content, %

HMT = Hot metal weight, kg

HMSU = Hot metal sulphur content, %
SIWT = STag weight, kg

SLSU = Slag’sulphur content, %

Next, the required weights of 1ime and magnesia flux were calculated. |
This was possible Because the slag composition was chosen_beforégqnd and,

the slag weight had just been calculated, as above.

-

{

DT
.

"ﬁt:.:g"f-‘a:*md‘q,m Ll e e i
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~Jn-arder to reduce the pellet variations which could be treated
o ;

it was decided to illustrate the particular case wherein the flux re-

quirements'were'met by carbonate-bonded pe11€t5.~ That is, lime and
magnesia were fed into the végsel as carbonates Qithin the pellet. This
introduced a complication because dissociation of the carbonate bonding
material would pfoduce CO, which had to be accounted for in both the N
carbon and heat balances (Boudouard. react:on 002 + C = 2C0). Thus, the
weight of C02 produced was cal cul dted from the carbonate requ1rements and

used in an iterative recalculation of the simu1taneous_equat1ons.

7.2.6 Output ;
(’“Ihe page following the progfam listed in Appendix A7.3 111ustratgs

the form of the print-out page. On top-are listed input data; iren ore,

coal and slag cdmpositions,.operating and preheat temperatures and the
hot metal carbon and sulphur requiréments. Next are ¥isted the computed

slag -parameters which include basicity, sulphide capacity, activity of

. 'sﬂ]ica and percentage sulphqr and Mn0 contents.

- Thé materials input, e.g.; weights of iron org, coal, lime and
magnesia, required to produce a tonne of hot metal a;Z listed next, along

' with the computed hot metal chemica] analys1s and slag weight. Finally,

Te

_the results of- the heat balance are printed wh1ch 1nc1ude heat created

"heat needed and excess’ heat.

T o e Sa A R A =
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7.3 omputing Procedure

7.3.

Variable Slag Weight

A .complete listing of the compucer program is presented as Appendix

3. Six sets of input data wene provided. At two levels of coal sul-

A7
pn r content (0.7 and 1.0%5), the program was required to compute materials
b lances'to meet three hot metal su]phun specifications (0.020,’0.040

d 0.060%5). Hence, the input data defined the hot meta[ sulphur content
nd the program computed the slag weight necessary to carry the remainder
of the su]phun inpyt from the coal. ‘In all cases, the hot metal carbon
content was varied from 2.0 to 4.0% in steps of 0,2% for each operating '
temperatune of 1500, 1520 and 1540°C. Each time che carbon or temperature
1eve1 was changed within the program‘(by virtue of 1terat1ve “DO 1oops")

a pr1nt out data sheet was 1ssued

7 3. 2 Varlable Hot Metal Sulphur Content

For reasons which will be exp]ained in the next sect1dn, it was
decided to reverse the restrictions pTaced on the hot metal su]phur con-
tent and the slag weight Hence,” in a second running of the prognam the
slag we1ght was defined beforehand at 200, 250 and 300 kg/tormne’ hot metal
and the hot meta] sulphur content was a]lowed to vary and seek 1ts equi-
Tibrium ya]ue Some minor changes were}hade tw the. si]1con and heat ;
ba]ance equations wherein SLwT repﬂaced Q1 * COALNT. Tnese changee are
indicated in Sections A7.1.2 and A7.1.3. Also, the sulphur'nartition o
and su]phur balance equat1ons were moved to follow the calculation of

' the required coal weight. In this way the hot metal sulphur content was
computed which was. in equilibrium witb a fixed weight of. slag The hat

s | Lo -t
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'

7.3.3 Energy‘tansiderafions
The print—out\daﬁa sheet issued for each “computer experiment"
listed the heat created by cOmbustioq,of the reduction off-gases, the heat

needed to sustain the process and the excess heat. In order to assess

ihe"enerqy requirements of the process, a third running of the program

was performed‘énd two new topidcs were introduced.
The first was to show the effect on the heat balance of increasing

the quantity of coal in the pellet feed material above the base or mini-

" mum chemical -requirement. This was done by decreasing, in steps, the

correction factor for effective coal utilization (EFF) from the base

figure of 0.92 to 0.76.

The second topic was to show the effect on the heat balance of

preheating/the input matérials to 300fC. This was considered to bé the

‘maximum preheat temperature that a pellet containing coal could sustain

‘

/
without Toss of volatile matter.
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« - 7.4 Results and Discussion

The computer program was run and pages of computed data were
issued for each change in input data, hot metal carbon content and tem-
:perature. Figure 7.1[is an ex;mple of the output from the program. It

\\\can be appreciated that hundreds of such pages'were generated, each con-
tajning data which wene used to p]ot graphical i]]ustrations showing effects
caueed by changes 1in process variables.

F1gures 7.2 and 7.3 1]1ustrate the slag we1ghts qeeded to achieve
specified hot metal sulphur contents at varying cahbon levels. Figure'7.2
'represents.the case wherein the input coal contained 0.7%S, while in

/ﬁ Figure 7.3 the sulphur content of the coal was raised to 1.0%. The con-
positions of both iron ore and slag were the same in each case.

The three curves 1n each of three sets show the effect of varying
the operating temperature from 1500 (slag liqu1dus) to 1520 and 1540°C.

3 ' Super1mposed upon the curves are the hot metal silicon contents cal cu-

lated at the 1nd1cated.temperature and carbon levels,

. The weight of slag, which was of f1xed composition, needed to
achieve the desired hot metal sulphur content was computed using slag/
meta] partition and su]phur balance equations at each, carbon and temper-
ature level. Moreover, the s]ag weight was computed without considering
" the amount of input gangue materla]s from the ore ‘and coa] " Hence, in
F - order to" accommodate a1] of the gangue, there ex1sted a minimum slag
( / o weight. The two lines crossing each‘set of curves represent zero addii
tions of flux silica and alumina and define the minimum slag.weiqhts,

' /// below which the required addttions of these fluxes become negative.

At <kt adinn
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[
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4
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PET

PCI
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PCT

PCT_

SULPHUR

ASH SILICA
ASH ALUMINA

&<
™
(=]

StAG COMPOSITION ¥*¥

PFT

PCT

CAQ

34,0

1...._.,_._..4211 D_Q..O

I

PCT

PCY:

“S102
)| AL203
14,0 PCT MGO .

R ad

" PIICESS TEMP 1500.0 C .

25.0 C_

PREAEAT TEHMP

HOT METAL SPECS #¥%%¥ 1000.0 KG

3.00

PCT CARBON
o040 PCT SULPHUR *

SLA3 BASICITY RATIO 1.53

SULPHTDE GAPACITY
_SULPHUR PCT 1.839

-375‘

03

MNOD PCT  .109
ACTIV OF*SI02 .068

MATERIALS INPUT

DRE  HT <G
COAL WT KG

1412.9

FLUX WI. KG
CAD 99.5

QR AS CACO3

177.6

MGd 33.2
.S5122 12.4

OR AS MGCO3

7.0

AL203 . 9.1 .
e JIXYGEN_WT <G_ 772,8

_MATERIALS OUTPUT,
SLAG AT XG
. HOT METAL W1 KG

2368

100040

3.00
+ 43

CARBON PCY
SILICON PCT

. CMANGAN  PCT 20
. SULPHUR PCY e 040

e

" EXCESS HEAT,KILO=-JOUDES

<3138E+07

HEAT CREATED +1280E+08

HEAT NEEDEQD «9666EMI7
. ‘ —

Figure 7.1: Computer print-out-datd’sheet.” - K
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~

In practical terms, the process muet operate above botn.lines, a primary
condition. An upper limit of aoout 300 kg/tonne is.indicated. This
amount is about the maximum allowable for the production of satisfactory
composite pellets. " Should higher slag weights {more flux) be desired,
then the materials wou1d need to be added to the vesse1 direct()fﬂrather
than as_constituents of the pellets. |
Some trends which can be séen from a general overview of Figures
7.2 and 7.3 are
(1) The hot metal carbon content has a major influence on desulphur-
ization. As the carbon content of the metal increases, the slag
we1ght needed, decreases. Conversely, a decrease in carbon content
" can be compensated for by an 1ncrease in slag weight and/or t!np-
‘erature. . o ‘ |
(iifﬁ Less stringent hot metal sulphur specdficat1ons allow one to
operate ;% lower carbon levels. e
(111) An 1ncrease in.,the sulphur content of the coal requires a shift
to higher hot ‘metal carbon 1evels and/or an increase in slag weight
in order to maintain the same hot metal su1phur level.
(iv)  The minimum operating s]ag we%ght is about 200 kg/tonne hot metal,

’ but this depends on the amount of gangue input and operating temp-

erature. _ ' . '

" "The results shown in Figures 7.2 and 513 are noet useful in i]tus-
trating firstly, the slag wefghts required t degulphuriee the. hot metal
__under given condit ns, and second]y, the minimum weights required to |
carry\the input. angue However, sometimes a athematica] model may

escape rea]ity when a tacit assumption cannot be realized. In.th1s case,

o

Y
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to achieve the desired desulphurization, the program'assumes that any

lTevel of hot metal carbon can- be chosen and achieved at will. In practice,
such control would be extremely difficult, if not impossibie.. Hence{ the
pnogram was mod{fied by reversing the restrictions placed on the not

metal sulphur content and the slag weignt., Having learned that the slag
weights should be between 200 and say; 300 kg/tonne, it was decided to

fix the slag weights at 200, 250 and 300 kg/tonne and compute the hot

‘ metal sulphur content which wou]d be in equ111bnium with that fixed
" weight of slag. '

. The results of this modification are shown in Flgune 7.4, where
the hot metal su]phur content in equi]ibr1um with a fixed s1ag weight is

plotted against the corresponding hot metal carbon content. This plot

_is for an operating temperature of 1500°C orily; the shifting of the
‘curves due to a change in temperature is illustrated in Figure 7.5. ThEse

* atter two diagrams show the process in a more realdstic manner since

the operating slag weight is more 11ke1y to be known and more easily con--
trolled by 1nput materials than is the hot meta] ‘tarbon content

As an example, should an operation produce hot neta] at 3.0%C'and.
at 1500°C,'end slag at 250 kg/tonne then, from ?igure 7.4, theoequ11fbnium-
hot metal sulphur coritent would be 0.038%. Fignres 7:4 and %.5 apply ‘

. when the input coal contdins 1.09%5. A lower su]phur input wodld require

1ess slag or would nesult in a Tower hot meta] sulphur content. As in

the previous&%dagrams percentage va}ues for hot metal silicon contents

are placed along the curves, mainly to indicate what 1eve15 may be ex-

: pected at different carbon contents and temperatures. | %_

\
!




173

a N ~
N
-

-qybLam bBe(s jo 3123433 "JUDIUOD UOQUED SNSUIA 4dnydi{ns {ejsw 304 :p.-/ wg:mw&

% ‘ INFLINOD NOSHYD TVLIW JOH
8¢ pe “-oe . . oz. 22
1 T - | I - 1 . b T _. -

Juajuodn

% * LN3LNOD ¥NHAINS VL3N LOH

uooiIs
DN - - - T

JOH )

B . ~ 0+00

_ - 0600
€0%iv % 01 . auuoy /6%

N 201S % ve = imbois 4 0900

OB %% b1 . T
- 0D % 2t — bois S % O'1—100D

1 | S | 1 N S | 1 1




174

[Py

*34n3edadwal 40 393443 JUIIUOD UOQURD SNSUDA Jnuydins

~

% ¢ INILNOD NOSH¥VD TVL3W 10H

8¢ b'e

o¢ . 9’2 2.2
| I | ] T I I 7
N s
- 40100.
.- R .Hn
o)
vS°l . .
- . YoX ~40200 =
Ju3dluod m.d..*
UOD IS ———— 020 >
© IDIS JOH . =
— —ogo0o &
S
o
o L
_ S
- - 4ovoo 3
N . o
. =
o=
) m
- -4 0G00 5§
€021V %0l .%
OIS %be 10906
R —_— o
. O W %ol . . - ‘3uuoly b 0ge
002 %2p —bolg S%0O'l —100) . im Bois .
i i PO | ] 1 ] - |
.\ -~

Leaawr 304 :G°z 3unbr4



175

As was mentioned preViouely, hhe slag composition was chosen be-
forehand in order to avoid liquidus and viecosity problems. Another con-
sideration was to select a slag which had the highest basicity ratio
(for desulphurization), consistent w1th input gangue 1eve]s Had a slag
with a Tower bas1c1ty ratio been chosen, the curves would have been
shifted upwards, i.e., the hot metal sulphur content would have increased.
Tn maintain the lower sulphur levele, the slag weight and/or hot metal
carbon content would need to be increased. Also, should a'siag with a
Tower basicity ratio be used, then the hot metal silicon coptent would
increase, although in the case of silicon, changes due.to temperature
dominate.

Each print-out data sheet from the many "computer experiments"
contained values for coal required, heat created, heat needed and excess
heat. In scanning these shee}s over the carbon range (2.0 - 4.0%), tem-
perature range (1500 - 1540°C) and slag weights (200 - 300 kg), it became
.apparent that there were no large changes in any of the above parameters.

In 511 cases,.the values for the excess heat}were withfn the range
of.3.1 £0.2 x 10% ko. Table 7.1 lists the weights of coal required
Jper tonne of hot metal over the carbon, temperature and slag we1ght ranges.,
. The amount of coal required by the process, as computed by the program,
. s governed by the chemica] requirements for carbon within the vessel.
This includes the carbon needed for reduction, the carbon needed for
so]ut1on into the iron, and the carbon needed to convert the 002 from |
the carbonate bonding materiel (flux addition) to CO within the pellet

| .
by the Boudouard_ reaction.
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From Table 7.1, it can be seen that an additional 30 kg of coal
was needed to increase the hot metal carbon content from 2.0 to 4.0%.
This is approximate because at the higher temperatures and cargon con-
tents,‘mqre silicon is reduced which in turn requires more coal. When
the slag weight was increased from 200 to 300 kg, an additional 26 kg éf
coal was needed. 'On1&<2'kg of coal was needed to incréase the opera;ing
temperature from 150040 1540°C mainly because the éalcu]ations are
based on chemical requirements. The rest of the heat required for this
temperature increase came by way of a deérease of about 0.2 g 106 kd .in

the exééss heat value.

Required Coal, kg/tonne hot metal

‘Temp. . $1ag Wt, kg/tonne h.m.
o ' 209 250 . 300
1500 2.0 456 465 475

3.0 468 - 478 . 488
4.0 . 484 494 503
1520 2.0 456 466 475
3.0 . 470 - 480 489
4.0 489 499 508
1540 2.0 457 467 - 476
3.0 73 - 482 492
4,0 497 507 516

- fab]e 7.1: Weight of coal requfred'per tonne hot metal
over the carbon, temperature and slag weight
- ranges. -
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The coal réquiremehts listed in Table 7.1 are based on the minimum

chemical requirehents for each‘computation. In order to assess heat

: reduiremenfs, additional coal was added to the base or minimum"%equire-

. ment,; which was burned’so1e1y ‘for heat and affected the chemical ba]ance

equations only because there was an additional sulphur iﬁput. A mid-
range computation (3.0%C, 1520°C, 250 kg slag) was selected as the base
on which to add the coal. Figure 7.6 illustrates the print-out data
sheet for this base. '

On the print-out data sheet is listed the required amounts of ore,

coal and carbonates needed to prédupe a tonne of hptfmeté]. Should these-

materials be combined as composite pellets, the pellets would have the-

following composition.
. - ¥

65.3% iron ore

22.2% coal

8.7% CaCO3 (4.9% CaO) \
3.8% M3C04 (1.6% MgO) :

It is"gratifying to find, that an independently constructed mathematical

model requests a pellet ‘composition nearly identical to that which was

found by expériment to be the most successfu] (Lot L9-2, see Tab]e 3.1

and Appendix A3.3).

X
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IRON ORE CONCENTRATE 68.1 PCT IRON ASNMAGNETITE
5.2 PCT SILICA
«5 PCT ALUMINA
\ W2 PCT MND — T T T T
'COAL COMPOSITICN »%» 82.4 PCT TOTAL CARBON
L ' 59.1 FCT FIXED CARBON
Se4 FCT HYOROGEN
52 PCT OXYGEN
1.0 PCY SULPHUR -
4.7 PCT AS ,
T T Pcr‘AsgjgffTEK‘“\\ o
33.5 PCT ASH ALUMINA
SLAG COMPOSITICN **« 42.0 PCT CAO
34,0 PCY SI0°
10.0 PCT AL203
T T ,; “‘ T 1400 PCT MGO
"PROCESS TEMP  "{520.0 C o
PREHEAY TEMP 25.0 C
SLAG BASICITY RATIO 1.53
7777 SULPHIOE CAPACTITY “LuiE-03 T N T
SULPHUR PCT 1.787
TTTTMNO T T PCT T L0888 T T T T CT ; . T
ACTIV OF SIC2 .065
MATERIALS INFUT
ORE WT KG — 1409¢.7 T e T o
CCAL HWT KG 479, 8
FLUX WT KG - T T T
CAO 105.0 CR)AS CAGO3 187.5
NGO 35.0 (R AS HGLU3I BT1.3
: SI02 1443
T RL203 10 — I - T
OXYGEN WY KG 782.2
MATERIALS OUTPLY
SLAG WT KG 2610
HOT METAL WT KG 1000.0
" TCARBON PCT 3. 00
SILICON PCT e 70
MANGAN PCT .20
SULPHUR FCT « 033
EXCESS HEAT ,KILO-JOLLES <31i41E+07 B

__HEAT CREATED .12967£+0
HEAT NEEDED  .98258E+(Q

‘ "EFFECTIVE CARBCN UTILIZATION FACTOR= .92~

8

7

———

¢

Figure 7.6: Computer print-out data sheet for the
mid-range base computation.
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Figure 7.7 illustrates the effect of additional coal on the energy
balance within the vesge]. It can be seen that additional coal increased
considerably the heat generated, while the heat required remained nearly

the same at about 10 x'106

kd/tonne hot metal. ‘An expanded version of the
heat balance equation can be found in Appendix A7.1.3 which details the
individual components of the equation. Here, it may be worthwhile to
review some of the assumptions on which the calctulations are based, some
of which were discussed in Chapter 5.

Within an individual pellet, the gaseous products from iron ore
reduction are H20 and C02. Also, dissociation of the carbonate bonding
material produces C02. Since the pellets are hot and there is an abun-
dance of carbon, the calculations assume 100% conversion of these gases
to H2 and CO within the pellet. This introduces very little error be-
cause by experiment (Chap. 5), it was found that 95% of the pellet off-
gas was a mixture of H2 and (0. Thé next assumption considers that all
of the HZ' C0 and C (from soot and extra coal) emerging from the pellet

~essel.) Further, the
\ _

AN ,/’
heat energy released from this combustion is retained within the vessel

is burned to H,0 and CO2 by oxygen lanced into the

by being transferred to the slag and reacting pellets. It will be re-
called that heats'of combustion were calculated at 1527°C, i.e., the

reactants are heated to the reaction temperature prior to combustion.

* Hence the combustion off-gases leaving the vessel at 1527°C represent no

additional loss of heat. This sensible heat of the off-gas could be
recovered later in a steam generating plant but it does not enter the

calculations here.

s A S



180

B e Ranmae 2t T P,

*1e02 |RUGL3E

~

&

ppe 10 309443 "19SS®A 9yl uLyllm ddueleq Abusu3

Do 026 — ‘dway

b)Y 0g2 — IMm bpis

S % GEO00
IS % 0L0
2% O¢

BY 000! —I0IdN 10H

B P
- Jo 00%

ipayaid oN

auuoy /By * YOO TIYNOILIAAV asog
02l 00I- 08 09 Ob O2 0
l T T T T I T
~
aiinbay jpaH ssasoid "UIN _ \.\\\\.\ _
.Oﬂmm . \\\\l\.\\ _
% St

Usv % L't ,
S% Ol — y o0 ,uounios
H% t'S ° puo Uouonpay

e B 10} palinbay
D% v'28 ) e
6% o8t — 100D @
1 1 1 | 1 1 1
009 . 09¢ OYA® o8b

- At A Sd AT Wt A

|D}dwW joy auuol/by ‘ v0D

/
r

I}

Ol

2l

14

Sl

81

1/ 3anbL4

M g0l X * ADYINT 1V 3H




TEY T TR S ey

181

The 1ine labelled "Heat Generated, Retained in the Vessel - 100%"
in Figure 7.7, is the theoretical maximum based on the above assumptions.
It can be appreciated that terms such as "combustion efficiency" should
be avoided as they are too restrictive and even ambiguous. It is recog-
nized that a large percentage of the heat generated, calculated as a
theoretical maximum, cannot be recovered withinﬂthe vessel. Inefficiencies
in pellet reactions, combustion reactions, physical supply of réactants,
and heat transfer to slag, pellets and vessel wa]ls,'ET1 combine to lower
the heat available to the process. Hence the dashed lines labelled 75%
and 65% represent those percenfages of the theoretical heat geﬁg}ated
whf%h are more likely to be retained-in the vessel.

Two lihgs in Figure 7.7 represent the minimum process Heat re=
quired; the first, for thg%case wherein the composite pellets are not
preheated and the second, wherein the pellets are preheated to 300°C.
Preheating coal above, sa}, 350°C can cause a loss of volatiles and
stickinesg. The components of the heat balance equation which contribute
to the process heaE requirement (heats of reduction reactions and enthal-

pies) are detailed in Appendix A7.1.3.

o

It can be seen from Figure 7.7 that shoﬁ]d 75% of the theoretical
heat generated be retained in the vessel, then no extra coal woulq/be.
needed. At 65%, there would be a need for 100 kg of additional cgal.
This is about the maximum amount of coal which should be incorporated in
a compésite ore-coal pellet (c.f., Section 3.4.1). Should theﬁe Qe a

need for more than 100 kg of additional coal, then coa]rpr coke could be

" added directly to the vessel rather than as a constituent of the.com-

posite pellets. A small saving can be effected by preheating the pelTets,
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but in ;;actica] terms.peﬁhaps ways and means to retain more heat witpiﬂ
the vessel would show greater dikidends.

Heat losses through the vessel walls and mouth have been estimated
from basic oxygen furnace studies as being about'0.3 X ]06 kd/tonne hot
metal or about 3% of the process heat required. .This was not included
in the heat requirementscalculations, but as it is fairly small, perhaps
it can be thought of as part of the unretained portion of the heat gen-

erated.

7.5 Summary /”/»\g; e

Computer charge ca]cu]ééigns were\made in which a series of heat
and-mass balance equations were so]ved/#iom giVeh input dataﬁ The pur-
posL was to show the effects on input materials required and output metal
produced of changes in process variables such as, temperature, hot metal
carbon and sulphur, and slag weighg. Most important, the computer pro-
gram functioned as a léarﬁing aid in whiéh it showed what overall trends
can be expectea when ‘one or more variables of the process are changed.

It was shown that the hot méta] carbon content hag a major in-
fluence on de;u1phurization. Higher carbon levels allow desulphurization
to lower su1£hur levels using less s]gg. |

The minimum operating slag weigh: at the highest basicity ratio .

was about 200 kg/tonne hot metal. This depends mainly on the type of
’ ]/ -

“iron ore used, the chosen composition.of the slag and the operating tem-

a \

perature. : “
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Operating at higher temperatures increases desulphurization and
also increases the hot metal silicon content. These trends are all well
known in a metallurgical sense, but the possession of graphs, percentage
values and weights of materials required will p;gve to -be valuable infor-
matidgn on which to base pilot-plant trials.

The coal requirement of thefprocess was found to be nearly insen-
sitive to other parameters such as hot metal carbon, teéperature and
slag weight. However, if less thaq’75% of the theoretical heat generated
by combustion is retained in the vegse1, then additional coal or coke
would be needed to satisfy the heat requirement (10 x 106 kd/tonne hot
metal) of the process.

* The mid—rgnge computézion which was selected as a base or standard
(Figure 7.6), required an- input pellet compositfon nearly identical to
that which was found by experiment to be the most successful.

( ‘v
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CHAPTER 8 ’
GENERAL DISCUSSION

8.1 Raw Materials and Pelletizing Techniques

Although the present work made use of only one type of iron ore
concentrate (magnetite)‘gﬁd one type of coal (bituﬁinous, high-volatile A),
nothing was found during the investigation to suggest that the process
would be unduly sensitive to changes in ;aw materials. An iron ore con-
centrate from any iron orq\depos1t should be suitable. Also, very low
silica and al'umina contents>of the concentrate are not necessary since an
appreciable slag weight is required for desulphurization. Nearly any
type of coal shbh1d be suitab]evbecauée coal 1is used only as a source of
carbon and hydrogen. Certainly, premium grade coking coals of low sulphur
content are unnecessary. However, the use of coa]s'with very high su]phu}
and ash levels would be governed by’s]ag cbndi£ions durigé 6peration and
upper limits wouid need to be determined. Fluxes and binders such as

>

calcined 1ime and dolomite, mixeq to obtain desired CaO/MQO ratios, are
/;///;;t seen to present seriqus.prob]ems in either grade or supply.
% An optimg] pellet composition was found experimentally which re-
sulted in iron of low sulphur and high carbon contents. At a later date,
a computer model study. of the process was constructed independently of
\\ tﬁg;eXperiments, based on equilibrium thermodynamics énd é s]ag compo-
M;;tion which was best for désu]phur&zation at 1500°C. The computer pra-

gram “reques ted 1nput raw materials, as separate ent1t1es, in nearly the

same proportions as the_experimenta]ly found optimal pellet composition;

184
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i.e., 66% ore, 23% coal and 11% calcium/magnesium carbonate. Pellets of

« r

this composition were made successfully in the/pfeﬁént work, but in very
r ,"l

small quantities. YT\HQ{ ,

Composite pellets containing ccal should not be heated gbove 350°C,
but pe]]ef?zing on an indusériai scale should present no serious brob]ems

as there are a number of cold-bonding techniques available. Carbonate-

1) has been developed commercially .and should receive prime &on—

(91) process, developed in Sweden, uses cemeﬁt

bonding(
sideration. The Grangcold
as a binder which is made from blast furnace s]§g, but portland cement
would be suitable should cement-bonded pellets 6@ desired. Two similar
processes, COBO(92) and MTU(93) uge a technique known as hydrothermal
bonding in which pellets containing lime and silica flour as binders-are -
placed in steam autoclaves at 205°C to form gé]s and .mineral hydrosilicate
bonds. Briquets may also be made, Coal will soften at about 370°C and

could itself act as a binder in a number of hot-briquétting processes(94)

8.2 Process Slag
The weight of slag produced by a blast furnace is usually in the

range of 150-350 kg/tonne hot metal, depending on the amount of input

.gangue materials. An estimated slag weight of 200-300 kg/tonﬁe for the

process under consideration is comparable éo blast furnace sme]fing.
However, calculations of slag weights w2re based on s]ag/metaf partition
reactions for sulphur and an assumed slag composition which:contained no
Fed. Should iron oxide be dissolved in the s]ag,ﬂdesu1phugization-wou1d
be hindered to a considerable extent(ag) and a larger slkag weight would
then be required. This is one of the reasons wHy considerable effect was

made to inhibit fayalite formation within the pellet during reduction.

«ty
L

4
PSP ORI SEUIEN S .

B e e, st s VY



0 ' 186

From the beginning, it has been recognizéd that the slag is per-
habg the most important component of the process. Not &n]y must it be a
holding medium for sulphur, phosphorus and gangue a;teria1s, but it has
the added function ofﬁﬁransferring\&he péat from combustion to the reacting
pellets and metal bath. In order t& f;;nsfer the required heat, combus-
tion should take place, wholly or in part, within the body of slag which )
is both turbulent and foaming. Creating these conditions in a university
laboratory was not possible and‘these aspects have been left to a second
program which would entail pilot-plant testing.'

Foams and emulsions in steelmaking have been investigated extensively

during the past decade(?5-t0 99)

. Stee]makjng slags usually contain
appreciable quantiﬁies of iron oxide which can react with carbon dissolved
in the liquid iron drbp]éts or bath. Carbon monoxide gas is produced
from this reaétion which, in turn; foams the slag. In the case under
consideration, all conditions conducive to‘foaming are present; e.qg., gés\
evolution from the :éacting pellets, suspended solids (coke particles)
and metal droplets in the slag, and surface active agents such as PZOS
and sulphur which lower interfacial tension.

It hQ;,bé%n‘assumed that -the procéé& Slag would contain very little
Fe0, but this'nay/;ot be so. The oxygen jet can, and probably will,
oxidize many éma]i iron droplets befére they can sink through the sl:g
to the metal bath. On the other hand, excess carbon as coke particles,
will join the slag and help to keep the Fe0 content at low levels., Un-
fortunately, thefe is no way of knowing the nature of the process slag

and whether it will foam before experiments are actua]ly performed.

o
1

>
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8.3 Product - Liquid Iron

Liquid iron as a product of ironmaking has a distinct advantage
6ver sponge iron pellets in that Qéry little energy is needed to convert
it to steel. Sponge iron pellets are usually melted and refined to steel
in electric-arc furnaces which are energy intensive and require about
600 kWh/tonne steel (2.2 x 108 kd/tonne).

Blast furnace iron is usually saturated with carbon(and as a
result, kish graphite precipitates from the iron, floats in the air and
becomes an environmental nuisance. This would be avoided in theqprocess
under consideration because the liquid iron‘product is not expected to
be caFSon—saturated.

A question arises as to why one should strive for high carbon
levels in the iron when in order to convert it to steel, the carbon must
be removed. ' In Section 6.5, it wasigg;w&\that effective desu]phurizatign
depends not only on the sulphide capacity (or basicity) of the slag but\7
also on the activity of carbon in the iron. Hence, the higher the carbon
content, the easier it is for the slag to desu]phur?ze the metal. Should
the input materials contain very 1itt1é sulphur, then indeed i£ should
be possjb1e to sme1t“direct1y.to steel, but this is utopian. Desulphur-
ization will remain a prime 9onsideration in iron smelting processes which //
are based on coal. \\h///

Conversion of the liquid iron product to steel, by basic oxygen .

steelmaking, may be performed in the same vessel after decanting the

‘primary slag, or the iron may be transferred to a second vessel and pro-

cessed in the same manner as blast furnace hot metal,

~
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8.4 Generation of Heat

It will be recalled that in Chapter 5, the off-gas from reacting |
pellets was analysed in order to calculate how much heat could be made ?
available by combustion of the gas with oxygen.' In Section 5.4.3 and
5.4.4, it was calculated that the volume (athTP) of the off-gas from
reaction of carbonate-bonded pellets (L9-2) would be 0.45 1itre/gram
pellet and its chemical composition would be 3Q% H2, 65% CO and 37 g/m3

soot. The net heating value of this gas was calculated to be 12670 kJ/m3.

S TP MU

Also, calculations showed that there is very little differepce between
AH298K and AH]BOOK for a gas of this composition. These calculated ggi\‘
values were based on experimental results from reaction of cement-bonded
pellets (Table 5.5). - |

As mentioned previously, the base composition requeSted‘by the
computer program (Fig. 7.6) was found to be nearly the same as for the
carbonate-b&nded pellets which were found to be most promising and hence
used for the heat of combustion calculations in Section 5.4.4. On the
other hand, the heat values generated by the prog?am were calculated from
the overall heat and mass balance equations and were not based on exper{-
mental results. Siﬁce the pellet compositions were nearly -the same, the
volume and net heating value of the off-gas calculated in Chapter 5,
should apply (gpproximately) to the conposition listed in Figure 7.6, and

the heat generated values could then be compared. ‘

o
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From Figure 7.6, the total weight of ore, coal, CaCO3 and MgCO3
to be fed as pellets into the process vessel to produce one tonne hot

metal is 2160 kg. The amount of gas which would be produced is
2160 kg X 0.45 m3/kg = 972 m3(at STP)

and hence the heat generated would be

<

-

972 w3 X 12670 kJ/m3 =12.3 x 106 kJ/tonne hot metal.

This value compares favourably to the program value (Fig. 7.6) of

12.9 x 106 kd/tonne hot metal which is considered high by about 3% since

it did not account for the minor amounts of H20 and C02 already in the gas.

There are several ways in which to vary the overall heat supply
to the process and to control the temperature at various locations within
the vessel. Should the flame from the oxygen jet become too intense, the
oxygen supply may be reduced. Also, if the operating temperature becomes
too high, shredded scrap could be charged into.the vessel. On the other
hand, to increase the operating temperature of the process, the coal
content of the pellets may be increased or carﬁon in the form of coal,
coke or calcium‘carbide, hay be added directly o the vessel. Perhaps,
if an immediate action was needed to increase temperature, the oxygen
lance could be lowered so that silicon and carbon could be oxidized
directly from the melt. However, before doing so, it should be remembered
that sulphur reversion from slag to iron may occur due to the lower

carbon content of the iron and to higher S1'02 and FeQ Tevels in the slag.

1 Pl TS el s et i e = S
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A discussion of heat generation should include thelsubject of

radiation heat losses, at 1easf in general terms. In order to do this,

one needs a mental picture of the process vessel and a proposed production

rate. It is envisioned that the size of the vessel be no larger than

t

a top-blown 150 ton basic oxygen steelmaking 'furnace. The internal i
height and diameter would be about 9 m and 5 m respectively which would
result in an internal surface areaof about 160 . Let the average

refractory thickness be 0.5 m and let it consist of tar-bonded magnesite

(96% Mg0) bricks which have a thermal conductivity(ypo) of about i
13 kdJ m/hr m2 °K. By substitution, the heat loss through the réfractory ‘
Jining would be about 6.2 x 100 kd/hr.

The production rate of such a vessel is envisioned to be not more -

than 30 tonne/hr but not less than 20 tonne/hr; hence an average of

o -

25 tonne/hr. This leads to a loss of 250,000 kJ/tonne hot metal through .;

the refractory walls and bottom. Should the vessel be clear of fume and

not in operation, it would lose heat by radiation through the mouth. A

100)

formula has been derived( to .calculate this heat loss which incorporates

the non-blowing time and the area of the vessel mouth,

ie., Q, = 9000 A (t )99 ¥ cal. 5%

min

2

In this case, if the area of the mouth is 4 m® and 10 minutes of each

hour is not utitized in blowing, then-radiation through the mouth is

calculated to be 1.2 x 10°

kJ for that 10 min. period or 50,000 kJ/tonne
hot metal. Hence, the total heat loss by radiation from the vessel is
calculated to be about 0,3 x 106 kd/tonne hot metal or about 3% of the

total process heat required.
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A topic which has not yet been discussed is the amount of oxygen
required for combustion and tﬁe oxyéeq flow rate to be expected. It may
have been noticed from Figure 7.6 that the weight of oxygen required for
the production of one tonne of hot metal was about 800 kg. This seems to
be very largé especially when compared to BOF steelmaking which requires
about 80 kg/tonne stée]. Oxygen is norma]]y‘1anced into a\150 ton basic

| oxygen furnace at the rate of about 12000 ft3/min. (340 m3/;ﬁ¥u9</ In the
present case, the amount of oxygen required is 800 kg/tonﬁe X 0.70 m3/kg
= 560 m3/tonne hot metal. Should iron be pgoduced at the rate of 25
'tonne/hr, then oxygen lancing at the rate of 230 m3/min. (8,000 ft3/min.)

is required. Hence, at a production rate of 25 tonne}hr, the oxygen flow

rate for the process under consideration would be about two thirds that

normally used during operation of a 150 ton basic oxygen $teelmaking vessel.
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8.5 Energy Requirements

It has been discussed previously and shown in Figure 7.7, that a
reasonable estimate of coal required to produge\]iquid iron from composite
pellets is about 560 kg/tonne hot metal. THe co%] used for these calcu-
lations has a net energy value of about 33,000 kJYkg (14,200 Btu/1b) and
hence the fuel energy required is 18.5 x 106kd/tonne hot metal.

The energy required for pelletizing composite pellets should be
very little because the pellets would not need to be heat hardened (in-
durated) . E]]iott(s) estimated that the energy required to calcine lime
is about 0.52 x 106 kdJ/tonne lime, and since about 150 kg lime and
magnesia are needed as flux/binder materials, then the energy required
for calcination is only about 0.1 x 106 kd/tonne hot m;tal.

Calculation of the net energy requirement for oﬁ&gen is much more

(101) reqﬁires about 520 kWh/tonne

uncertain. The manufacture of oxygen
02 and since the amount of oxygen required for combustion 55 about 800
kg/tonne hot metal, then the electric power required is 420 kWh/tonne
hot metal or 1.5 x 105 kJ/tonne; a substantial amount. However, the
process will generate after combustion, large volumes of off-gas at hiéﬁb
temperpéhres which may be used to raise steam and thereby generate,
through steam turbines, a large portion of the power requi-ed to manu-
facture the oxygen: i ﬁ
From a m%ss balance it can be shown that after combustion of the
reduction off-gases, about 1580 kg C02 and 270 kg HZO per tonne hot metal
will leave the vessel at a .temperature of at least 1900°K (1627°C).
Enthalpy va]ues(74) for these gases at 1900°K are 1940 kJ/kg CO2 and
3750 kd/kg H20 and hence the sensible heat of the process off-gas would

be about 4.0 x 10% kJ/tonne hot metal.

4
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The raising of steam in a boiler to gengz;te“éqectric power nor-
mally is not attemﬁted in BOF operatigggﬁQ cause of its very intermittent
nature, e.g., 15 minutes of high temperaturé off-gas in each hour. How-
ever, for the process under consideration, a steadier operation is en-
visioned which could be adapted to electric bower generation. Thermal
efficiencies in electricity generation are usually about 30-35%, but due
to uncertainties, perhaps it is best to be conservative and estimate that
25% of the sensible heat of the off-gas can be converted to electric
power through steém generation. Hence, 1.0 x 106 kd/tonne hot metal as
electric power may be recovered, which leaves 0.5 x ]06 kd/tonne (140
kWh/tonne) to be purchased or otherwise produced.

In summary, a combination of the net electric power and fuéJ re-

* quirements for the reduction of composite pellets yields an energy con-

§umption estimate of 19.0 x 106 kd/tonne hot metal.

A compaiison of alternative routes to steel, with respect to
energy consumpt%on per tonne of liquid steel, is shown in Table 8.1 and
Figure 8.1. Energy consumption data, brought forward from Chapter 2,
have been modified somewhat in order that all unit processes are treated
equally. Electric power is converted directly, i.e., 1 kWh = 3600 kd,
and scrap additions or other complicating factors are not considered.
The objective is to show the cumulative effect of the unit processes on

energy consumption rather than an exact analysis.
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A major portion of the energy consumed in pellet preparation is
that required for induration. An average value for the total energy con-
sumed is about 2.0 x 106 kd/tonne pellets and since ;bout 1.5 tonnes are
required to produce 1 tonne of iron, then 3.0 x'106 kd/tonne iron is
consumed in the preparation of pellets for the blast furnace, shaft
furnace, and rotary kiln processes.

There is no information available on the energy requirements of
making carbonate-bonded composite pellets but since induration is not
required and calcination of the flux/binder material requires only
0.1 x 106 kd/tonne hot metal, a reasonable estimate for the energy re-
quired would be 0.5 x 106 kJ/toﬁne pellets. Since 2 tonnes of composite
pe]]éts’areﬂiequired,to produce 1 tonne of hot metal, then about 2
1.0 x 106 kd/tonne hot metal would be the energy required f&r the prepara-

tiop of composite pellets,

Blast Composite ShaXt Rotary
Furnace Pellet Furnaxe Kiln
Smelting Smelting Reducti Reduction

STEELMAKING ~ 0.3 0.3 3.0 3.0
TRONMAKING 155 19.7 14.0
COKING 3.2
PELLETIZING 3.0 1.0 3:0 3.
L= —— — — T~
- 220 210 - 2.0 24.0

6
ENERGY CONSUMPTION, x 10~/}J/tqpne steel

Table 8.1: A comparison of alternative routes to liquid steel,
with respect to energy consumption.
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Figure 8.1: A comparison of alternative routes to liquid steel,
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A factor for the product yield should be considered when convert-

ing hot metal or sponge iron pel]efs to steel. For comparison’purposes
here, let the ;1e]d of steel be 94% if the iron is produced ;ia blast

furnace smelting, 96% if via composite pellet smelting, ana 92% if via
sponge iron.processes. Hence the energy requirements of the coking and

ironmaking unit processes should be increased as follows.

Coking(s):
5.6 x 106 kd/tonne coke x 0.55 tonne x 1.06 = 3.2 x 106 kd/tonne steel
Blast furnace sme]ting(s):

15.5 x 106 kd/tonne steel

14.6 x 10% kJ/tonne hot metal x 1.06

Composite pellet smelting:

"

19.0 x 106 kd/tonne hot metal x 1.04 = 19,7 X 106 kd/tonne steel

Shaft furnace reduction (Midrex(]z)): .

13.0 x 10° kJ/tonne sponge iron x 1.08 = 14.0 x 10° kJ/tonne stee
Rotary kiln reduction (SL/RN, Krupp(zo)):

16.7 x 106 kJ/tonne sponge iron x 1.08 = 18.0 x 106 kd/tonne steel

The net energy requirement for basic oxygen steelmaking is quite

small and is estimated to be 0.3 x ]06 kd/tonne steel. Enerdy is required ‘

for auxiliary heating, calcination of 1ime flux and the production of a

nom%na] amount of ferroalloys. Some heat recovery can.be achieved by

raising steam in an off-gas boi]gr system. Over half of the energy con-

sumed s electric power which is required to manufacture oxygen. On the J

other hand, ﬁe]ting and refining sponge iron pellets in electric-arc

PR N M A
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steelmaking furnaces consumes a considerable quaﬁtity of electric perr,

e., 600 kWh/tonne steel, plus about 0.8 x 106 kd/tonne steel for mis- |,
cellaneous uses. The enefgy values for steelmaking used:hére differ from
those given by E]]iott(s).and listed in Table 2.1 because the electric
power required was converted directly to its kJ equivalent.

An in-depth energy analysis at this stage of the investigation

is not necessary, and perhapsApremature, %ut so&E\%pproxima}é values are
in order. It can be seen from fjg e 8. llthat the énergy requirements to
produce steel via composite pellet sm ]t1ng is not much different from
the other ironmaking processes. Indu#ation of pel]ets and coking are not
required by the proposed process and Let the -total energy consumed to
produce steel is nearly the same as éhgg»for blast furnace smelting. This
is mainly because blast furnace off-gas \\s a low sensible heat contént
and a high chemical (latent) engrg& content which allows for high effici-
encies in energy recuperation. The situation is reversed for composite

\
pellet spelting. However, benefits gained\from adopting composite pellet

\
smelfing 13 seghere, For instance, there'are economic advantages to

be “3doptifg a process which can be installed in small units

and in which neither metatluraical coke nor natural gas is required.

‘These ad antages, among others, were discussed more fully in Chapter 1.

To sum up, the net energy'consumption for composite pellet

_smelting is estimated to be 19.0 x J06 kd/tonne hot metal

(18.2 x 106 Btu/ton). When the process is linked between pellet prer
paration and steelmaking, the energy required to produce Tiquid steel
is about 21.0 x 10° kd/tonne steel (20.1 x.10% Btu/ton) which is not

much different from other iron- and steelmaking processes.
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CHAPTER 9
SUMMARY AND CONCLUSIONS

An assessment of the proposed process in which composite iron ore-
coal pellets are reacted to produce 1iquid iron was found to be such a
Targe task, that it was necessary to break the project into s fTér, more
managéable packages. Each of the four laboratory invégtigations, Chapters
374, 5 and 7 were presented and discussed separately, but always they
remained integral parts of the overall project. The areas of investi-
gation were Timited to those which could be studied best within the con-

13
fines of a university laboratory.

Laboratory Reducti:;\of Pellets

Reduction experiments were performed with a 1aboratory-furnace on
pe]]efs of various compositions under conditions in which the heat transfer
to the react1ng pellets was very fast. It was found that composi%e pellets
are capable of very fast reduction, i.e., from cold pe]]et to reduced iron
at 1500°C in 110 seconds. This leads to the conclusion that within a large-
‘scale process vessel, the rate at which such pellets would reduce would
depend on ghe rate at which they could be heated and not on any internal J,
constraints. Pe]]ets conta1n1ng 22-23% coal were found to have sufficient
6oa] to reduce the iron oxide and carbur1ze the resultant iron. Self-fluxing
pellets were shown to produce an iron melt in which desu]phurization and
carburization were at maximum levels.

~
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Metallographic Investigation of Partially Reduced Pellets

Bentonite-bonded Pellets

Reduction of ore-coal pellets bonded with 2% bentonite produced
an agglomerate of fayalite slag and iron which when melted completely
resulted in a slag of high Fe0 content and an iron melt containiqg~léss

I than 2% carbon and high sulphur content. This tyﬁe of pellet is not
reconmended for the process under consideration. Also not recommended is
the reduction of ore-coke pellets bonded with bentonite. Iﬂese pellets
produced iron with very little or no carbon content mainly because re-

duction was slower and the ore melted before it was reduced.

o

Cement—bondedvbellets

Reduction of ore-coal pellets bonded with 12% cement produced an
agglomerate of Ca-olivine slag and iron but the initial high FeO content
of the slag was reduced qui%k]y. When melted completely, such pellets
produced a slag with a low Fe0 content and an iron melt of high carbon

content which was desulphurized to a considerable extent. However,

cement-bonded pellets would produce a large amount .of é]ag and therefore

should be consiﬁered as second choice, at best.

Carbonate-bonded Pellets ,

e 8 W Yt g P gy~

Reduction of ore-coal pellets bonded with 11% carbonate produced a
g]gy\with a very low FeO content aéﬁ an iron melt of high carbon and low
;glphur contents. Each iron oxide particle reacted with lime and was
™. . riduced individually by Hy and CO. In this way, the formation of a slag

with an initially high FeQ conternt was prevented. A beneficial effect

v
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on desulphurization and carburization of the iron was shown when the
liquidus temperatures of the internal be]let slags were lowered by thg
addition of magnesia to the lime (carbonate) bonding. Carbonate-bonded
pellets should be considered as the feed material for the high-temperature
reduction process presently under study. Under laboratory conditions it
was found that such pellets can produce an acceptable product, i.e., an

’

iron melt coritaining above 3.0%C, about 0.20%5i and below 0.05%S.

Analysis of the Off-gas from Pellet Reduction

From an analysis of the off-ga$ from reaction of cement-bonded
ore-coal pellets, it was found that the total dﬁfyyme of gas evolved was
;%44 litre per graﬂhof pe]]etg reacted. When pellets were introduced to
heat (1500°C), the coal began to gasify inmediately causing a very high
rate of hydrogen evolution, at the beginning, then tapered off, while
carbon monoxide from the combined ore-carbon ;eduction reactsons increased.
There were no significant amounts of HZO’ CO2 or N2 in the off-gas at any
time during reaction. The off-gas from cement-bonded pellets contained
41% Ho and 53% €O, while the off-gas from carbonate-bonded pellets was
calculated to contain 30% H, and 65% CO. Heat of combustion calculations
showed that the off-gas from either type of pellet would have a net heating
value of about 3000 kcal/m® or 12500 kj/m> (340 Btu/ft’).
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Process Analysis .and Energy Requirements

A computer model of the proposed metallurgical system was con- SN
structed in which a series of heat and mass balance eq;ations were solved ‘
in order to illustrate the effects of changes in process variables on
input material requirements and on the metallurgical system as a whole.
It was shown that the ﬁbt metal carbon content has a major influence on

desulphurization and, if at all possible, a carbon content of 3% or more

should be maintained. A slag of maximum basicity at operating temper-

s 3 iy AR T e

“atures and of weight about 250 kg/tonne hot metal is recommended for

adequate desulphurization of the hot metal. A carbonate-bonded composite
pellet comprising 66% ore, 23% coal and 11% calcium/magnesium carbonate
was found to be satisfactory, with respect to desulphurization and carbon

content of the resultant iron melt. ’

A reasonable estimate of the energy requirements of the process
are 560 kg coal and 420 kWh per tonne hot metal. Two thirds of this
electric power, used to manufacture oxygen, may be generated on site‘
through recuperation of the sensible heat. contained in the process off-
gas. The net energy consumption for composite pellet smelting is esti-
mated to be 19.0 x 106 kd/tonne hot meta] (18.2 x 106 Btu/on). When
the process is linked between pellet preparation and steelmaking, the
energy required to produce liquid steel is about 21.0 x 106 kd/tonne

gheel (20.1 x 10% Btu/ton). i !
A
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Assessment
Laboratory studies have determined the manner in which individual

composite pellets react, their compositional limitations and the chemical

compositions of the resultant liquid iron and slag. Also determined wexgn

the composition and net heating values of the reaction off-gases which
must be burnt to supply the required process energy. Indicatﬁons from a
process‘gnalyéis, supp by the results of these studies, are consi-
dered to be positive fii%Zi:%ronmaking process based on composite pellet
smelting. |

However, of equal importance are problem areas which have been
identified and introduced but not persued. Experiments should be per-
formed to obtain information on combustion by oxyéen lancing, foaming of
slags, and heat transfer from combustion to the reacting pellets. The
ultimate success of the process will depend on whether sufficient heat
can be retained within the vessel where it is needed.- To this end, hot-
model experimental trials are recommended. Carbonate-bonded pellets, as
a first choice, should be prepared in quantity and of sufficient quality
to withstand handling and thermal shock. A hot-model BOF "pilot-plant”
facility of 100-200 kg hot metal capacity, may-be adapted for continuous
peliet feeding.

Theoretical and laboratory studies on the reductiﬁn.of composite
iron ore-coal pellets to liquid iron.have been completed and Should form
the basis for a sécond éxperimenta] program, suggested above. Oniy after
completion of hot-model BOF "pilot-plant" studies can one assess fully

the future prospects for composite peffet smelting.

R ol S G,
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APPENDIX A3 /

A3.1 Chemical and Sieve Analyses of Coal

The coal used in this investigation was supplied by the Canadian
Metallurgical Fuel Research Laboratory, CANMET, Dept. of Energy, Mines
and Resources, Ottawa. There, it is used as a reference coal in coking
tests and is classified as bituminous, high-volatile A (WQarton #2,
Pennsylvania). The complete chemical analysis, supplied by CANMET,
Ottawa is as follows. | ' \

o bt labat s e &

Proximate (dry basis) wt % - Ash Apalysis, wt %

Fixed carbon- 59.1 SiO2 54.5 (:1.0)
Volative matter 36.2. . Alzog 33.5 (¢ .7)
Ash 747 (£2) Fe,0, 6.2

Ti0, 1.3

Ultimate (dry basis) wt ¥ P,0¢ 0.1

Carbon , ©82.4 (+.3) Ca0 1.9
Hydrogen 5.4 (£.1) Mg0 " 1.0
Sulphur .72(£.,01) 503 0.2
Nitrogen - 1.6 }Nazo 0.6
‘Ash 4.7 K20 ' 1.3

Oxygen (by difference) 5.2 .

Gross Calorific value -~ 14,730 Btu/1b.
Softening Temperature -- 377°C

After disc pulverizing, the sieve analysis of the coal was
. 100% minus 50 mesh
» 49% plus 100 mesh
’ 19% plus 200 mesh
32% minus 200 mesh
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A3.2 Chemica) Analysis of Portland Cement

Cementdp1inker was supplied by St. Lawrence Cement Co., Missis-~
sauga, Ont. and was ground to 90% minus 325 mesh. The chemical analysis
of the cement'c1ink§§ way given by the company as percentages of the

mineral constituents, e.g., 55% C3S (3Ca0-5102). This type of analysis

has been converted to percentages of the separate oxides as follows.

@
Oxide wt %
Ca0 65.
510, 20.
A1,0, 8. ,
Fe,0, 3. \
Mg0 0.5
—
( (K0 + Na,0) 0.6

Minor constituents 1.
Loss on Ignition 2.

fn ad&ition, the ground clinker was analysed for sulphur and was

found to contain 0.37% S.

/
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A3.3 Calculation of Equilibrium Slag/Metal Distribution of Sulphur and

&

Percentage Desulphurization Values I
The equilibrium slag/metal distribution of sulphur, at the{{}me ,,;}
of melting, hés been calculated for each pellet reduction experiment. i)
Background information on applied metallurgical thermodynamics including
derivations of basicity, sulphide capacity}of slags, activities of sul-

phur and carbon in iron, and slag/metal distribution reactions are pre-

sented in Chapter 6, Section 6.5. In this section, the detailed calcu-

sTEi?resentative.

203, 0.3% Mg0 and 0.063% S

lations for experiment L9-2 have been chosen

Pellet Analysis

65.8% ore of 68% Fe, 5.2% SiOz, 0.3%1

23.1% coal of 4.7% ash and 0.72% S
coal ash of 55% SiO2 and 34% Al

7.4% CaCO3

3.7% MgCO4 -

Melt Analyqii
3.76% C, 0.16% Si, 0.052% S .

éasis for calculation, 1 kg of pellets reduced at 1500°C

Input of sulphur §//// \\\\\
0.42 g from ore + 1.66 g from coal = 2.08 g total load

Weight of metal produced (assuming total redu
447. g Fe + 17. g C + 1. g Si = 465. gmetal.

of iron oxide):

The maximum sulphur content of the me
would be 2.08/465. x-100 = u.447% Sm

1 assuming no desulphurization r

ex e m me e
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Slag:

Input of slag constituents:

5102: 34, g fromore + 6. g from coal = 40. g
A1203: 2. g from ore ¥ 4. g from coal = 6.
Ca0: from CaCO3 = 4],
Mg0: 2. g from ore + 18. ¢ frqm MgCO3 = _20.
Weight of slag = 107. g

Composition of slag:

37.4% $105; 5.6% A1203; 38.3% Ca0; 18.7% Mg0

(40)

Phase diagrams indigate that a slag of this composition would have a

liquidus temperature of about TROQASC.

(41)

The basicity ratio, By is calculated as

(% Ca0) + .7(% Mg0)
B = = 1.42
-94(% S10,) + .18(% A1,0,)

and thus the sulphide capacitj(42), CS of the slag at 1500°C is
log Cc = 1.39 (B) - 5.57 = - 3.60

therefore: (o = 25.1 x 1075
Hetal . -\
Henrian Activity of Sulphur in Iron, hS:‘

log fo = esC[4C] + eg'[%51] = .14[3.76] + .063[.16] = .é3§>
therefore: @; = fs[%Sj Z 3.44 x [%5] *
Henrian Activity of Carbon in Iron, hC:

log f, = e3°[2c] + (2517 = .18[3.76] + .074[.16] = .688

therefore: he = fc[%C] = 4.88 x [3.76] = 18(3

b}
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Slag/Metal Sulphur Partition:

Thermodynamic data have been used to combine the sulphide capa-

city of the slag with a sulphur partitioning equation between slag and
(41,42)

N

iron Slag/metal sulphur distribution equations have been derived

and presented in detail in Section 6.5.3.

The final forms of the equation are:

log'(%S)s]alg = (460./T + 3.35) + log he + log CJ + log hg

or

(%5) 460./T + 3.35)

= 10 ¢
slag - 10. X hC X CS X hS

where T is the reduction test temperature in degrees Kelvin. Substitu-
tion of the known values reduces this equation to

(25) = 64.5[%5], -- (1)

slag iron

Sulphur Balance:

Since the total sulphur input and the weights of both slag and
iron have been calculated, a mass balance on sulphuy, provides a second
equation, vis.

107 (%S)

—

465 [%S].

slag + iron

= 2.08 g sulphur
100 100 - (2)

Solving the two equations gives (%S) = 1.84 and

slag
[%Sjiron = [%S]eq = 0.029



217

Percentage Desulphurization:

The equilibrium percentage desulphurization can now be calculated.

¥eS,, = 100 - [%5Teq x 100 = 100 - 929 & 100
(% Jnax .447

= 93.5%

Similarily the actual percentage desulphurization can also be calculated.

Since [%S] = .052, then
.052

.447

%*DeS = 100 - x 100 = 88%

Data from each experiment were treated in the above manner and Table 3.2
collates the resulting calculated values which were used to construct

the de§u]phurization curves of Chapter 3.
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APPENDIX A4

%
A4.1 - Electron-Microprobe Analyses - Correction Procedure and Estimation

of Accuracy

These microprobe data have been processed by MYSTIC 4, a mineral-
ogical version of MAESTRO (Microprobe Analysis by Energy Dispersive Spec-
troscopy) by R.H. Packwood, Metal Physics Section, CANMET, EMR, Ottava.

Spectra gathered by an ORTEC Si(Li) EDXA system, equipped with a
pulse pile-up rejection, are processed first to remove low energy noise.
Then, the peaks and background reference regions are smoothed; in this
case with a 5-point least-squares fit, Background beneath the peaks are
calculated by a variation on the method of C.E. Fiori et al. (Anal. Chem.
vol. 48, #1, 1976, p 172), which allows for absorption in the sample,
thé crystal Be-window and the detector dead layer.

In the ZAF iterations, (atomic number, absorption, and secondary
fluorescence corrections), overlaps between the supposedly Gaussian peaks
are corrected together with peak "tailing", escape peaks and Beta line
interferences. In the event of problems on the 1ight elements, wave-
length spectra can be included.

The oxides are reporied as Mgo0, A1203, Si02, KZO’ Ca0 and Fe0.
Sulphur is reported as elemental S; the Ca or Fe associated with S are
inc]udeq with the oxides.' A negative peak indicates that the theoretical
background is greater than that actually observed. A query indicates that
a peak centre exceeds its wings by less than two standard deviations,

i.e., a decernable but indefinite and inaccurate peak.

218
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The over-all accuracy of the final result is a function of counting

statistics, the reliability of the theory involved, the distance a peak is

from a background fitting region, and the stability of the JEOL microprobe.

For background: Typical statistics for a 5+point, 200 sec. count range

from +2-3%. The theory and its present calibration factors appear to
be good to 5%. These lead to a background reading good to +7-8%

(L.E. to HE.).

’ N
For peaks: The corresponding figures for statistics and theory are

19 and £2%, .

Drift in the electron beam current can be partially compensated

for by using a reference material and noting the current digitizer reading.

This is probably good to #1%. Other electronic instabilities have not

been quantified.

In total, the order of accuracy for all elements above Mg is:

0.1 - 1.0 wt ¢, 210% of reading
1.0-10 wt %, 235 " "
10 - 100 wt %, %1% " "

For Mg 0.1 - 1.0 wt %, 2202 " "
The detection 1imit is about 0.1 wt % for all elements.
The output format of the computer program allows results to be

printed to the fourth decimal place because some research projects may

-need and can obtain such accuracy. In the present case wherein slags are

being analysed, only the first decimal place need be considered and even

then the orders qf accuracy stated above, gpp1y.

4
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Ad.2 - Electron-Microprobe Analyses — Résu]ts /f’

The following pages contain the results of electron microprobe

analyses, as listed by the computer print-out.

Specimen
Bentonite-bonded Pellets

Fayalite crystal

Fayalite eutectic glass

Slag A

Stag Al

Melt Slag B
Cement-bonded Pellets(*)

Slag 1, Ca-Olivine

“Slag 2

Melt Slag 3
Carbonate-bonded Pellets

Melt Slag C

Ca-wustite

Standards- 5102, Fe0, Mg0, CaCO3<?pd A1203

Number of Analyses

4
7

(*) The cement-bonded pellets were analysed at a date later than the

others and at a much higher beam current.

This raised considerably

the intensity and background counts, but otherwise the method and

results of the analyses are comparable to those done eariier. .
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ZAMPLE

FRYRLITE CPYITAL

cevire 10

WT FPEPCENT OXIDES

2 T o= 0
AT YN

= = A LU

raa' ) Ve
O~NIDES

2. 007y
LRS07
29,1723
L1182
. 1309
L0122

67. 1866

THPUT DuTPLT
IMTEMSITY BG WY  FTH
c.ne 2.22 .ﬂﬂ 1) M5 1.72429
1.22 4,47 00224 AL L4513
&0, 32 S. A . 9494 SlI 14.507S
- S.27 L0 ES s L1779
.00 7 4.27  Q.00000 K 0. 0000
LT 7 4.69 L.0001e A .01a0
£1.99 Z.h7 CALETS FE Se. 3514
g.00 0, 00 42704 D 31,1491
TOTRLS< 1.00001 63, 2509
S ITEFPATIDONS
TAMFPLE FARYARLITE CPYSTAL
IMFUT . DUTRUT
IMTEMEITY Ei5 MT FTH UT PERCENT
.7l 1.74 . 0Nz M LRLP?
1.04 = ne .OUE?I HL .T305
&g, o2 c.2n ngags =1 12,5452
T pO0Sd4 . D597
-, 02 2.%% 0 0.00030 K 0. 0000
.4 7 2. 15 R ITIBRCE] CH L1224
.33 1. 02 44234 FE S0.4317
a, 00 .00 45122 O 34,1523
TOTHLE 1.00001 - 6£5.3477
5 ITERATIONS
SAMPLE FAYALITE CRYSTAL
INFUT auTrPuT
INTENTITY EG. UWT FTH WT PERCENT
= 1.%80 . 0423 M5 1.210%9
.47 7 c.28 . RI17T2 RL . 34473
23, 94 c.71 . Q2523 S | 13,4382
T 2.5%8 L nonay b L1183
L2 7 c. 39 . DONE2 K nEve
L2 2.19 Lt n CR L0029
31.483 1.12 . 4ER35 F 52.1574
g.0n 0,00 . A3ISES 0] 22.4522
TOTALS 1.00001 67.954R2
5 ITEPRTIDNS
THAHMFLE FHlHLITE TR TAL
INPUT guTPUT
IMTENSITY BiR WY FTN - WT PERCENT
1.20 .92 L0051t MG 1.2547
2.13 4,22 . Dudna =18 L T247
0. 95 3.70 . 025920 AN § 14.6574
.37 7 5.45 L 00070 AN . %820
.14 ? 4,91 . 00N29 K . 0421
.64 ? 4.56 . 00175 CR 1782
6£0.85 2. 31 .4AN49 FE 51.5106
0.00 0. 00 .43162 0 31.48073
TOTALS 1.00001 68.5197

3. ITERATIONS

L4

0.0000

101.6017

w
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ELECTPON-MICPOFPOFE AMALYSES
£, ADAMI 5 LY 1977
DIPECT PEDUCTION TAMPLES
EEAM VOLTAGE 15.00 by
TAMFLE  FAYALITE EUT.LIO. TTT0L 1o 1
THRUT DUTPUT
INTENSITY  BG. WT FTH WT PEPCENT OXIDES :
{
-.13 7 .52 0000040 Mi3 0.0000 0, 0000 /
23.20 4050 L 04SAS AL 7.4443 14, 0708 | i
[z, s S.14  .14824 1 21.464% 45,9134 robe beam
7173 4.52 L0132 T 1.8534 1. 2534 fnrhaﬂyA/ﬁ%7
L2007 .91 NS U .e938 -’ 2052 2 Jarqe FeS
5. 52 359 .01721  CA §.9451 e.ve1e Sy
30, 99 1.65 22449  FE  37.4924 35,387 particle ]
0. 00 0,00 .S529az 0 39,5457 0. 0000
TOTALS  1.00001 £0.4543 100.2470
S ITEPATIONS
SAMPLE  FAYALITE EUT.LIO. TEEOLS 1/ &
INFUT OUTPUT |
INTENSITY =~ ®G.  WT FTH WT PEPCENT OXIDES i
S4 7  2.34 .00146 MG .3171 . 5257 ;
17. 12 4.55 .02285 -AL  S.6673  10.7111 ;
86.60 5.6  .13822  SI 20.3432 42,5141 !
2. 64 4.62  .00S01 S .6825 . 6885 E
.92 4.19  .00254 K . 2866 . 2453
4.36 2,90 .01188 CA  1.2760 1.7a51
40.96 2.01  .309%2 FE  35.7647 46,0298
0. 00 0.00 .So002 O 35.6628 0. 0000
TOTALS  1.00001 £4.3372 103.5929
S ITEPATIONS |
= ‘
cAMPLE \ EAYALITE EUT.LID. 77701~ 1 3
INPYT OUTPUT
INTENSITY  BS.  Wi—BfHN WT PEPCENT OXIDES
-.0S 7 2,21 0.00000 MG D.000D o, RO
20. 02 4.36 0340 AL 6.4336 121532 probe Beam
34. 26 4.79 13271 SI  19.6012  41.9263
6.77 4.26  .01za4  © 1.7377 1.7377 pardeatly A’#"”/
.97 7 3,93 00266 K . 3024 . 3544 a farge FeS
s. 21 2.66 .01597 CR  1.7172  2.4024 artefe
35. 05 1.90 .26522 FE  20.8917 29,7576 partic/
0. 00 - 0.0 .53221 O 32.3143 0. 0000
TOTALS 1. 00000 60.6857 93,3522
S ITERATIONS
C I
TR r N4 t
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ZAMPLE FAYALITE EUT.LIN. TV0L 1 4
INFPUT gQuUTFUT
THTENMZITY WMT  FTH WT PEPCENT OMIDES

[aa)
by

o 1,60 O, 00000 Miz . 0000 SN, n0na
10,54 2. 1= TS | RL . AeSZ 12.604;\\
44,95 c. 23 13261 =1

. 37 c.14 L0111 =
.43 1.2 L N0z b

c.re .22 n149%5 CH
12,62 LR LOTELS FE

a,0n 0, nn L S5222S 0

l.ﬁﬂnﬂn

S ITEPATIONS

TOTALS

s \
. &_EXNF'LE FRYALITE .EUT.LID, TUYOL L S
INPUT ” guTPuUT
INTENSITY Ef=. WT FTHN NT PERCENT DOMIDES
.11 07 T, en Loonge MG L0603 L1000
19,82 4.44 3302 AL 6.3667 12.02320
g9, e 4. 83 . 14026 S en. 7071 44,2925 .
.4.61. 4,472 . ooy < 1.1914 1.1914
.95 4. 04 L NO2ED K 58988 TE9
5. 30 RET . 01594 CH 1.7146 C. 3927
35.16 1.4Q9 . CEANL FE 20,9879 33.8215
a. o0 n. oo . 92727 a 2B.A732 0. 0000 ’

TOTALS 1. 00nol 61.3262 100.2564
5 ITEPATIONE

Y

o

RN

P

TAMPLE  FAYALITE EUT.LIO. - 777017 1/ &
INPUT ' ouTPUT T
INTENSITY BG. MT FTN NT PEPCENT - OMIDES

o

LER P 320 VOOAT4,. M L1872 LCRNT
19,75 4. 37 L NETEA HL £.4074 12,1035
a0, A4 4.3 14253 $1 cl1.1770 45,2975

.56 4. 37 L NORTS < L9244 . 9244
1.32 .00 0 aNEee 4 4112 . 4355
S5.10 3.7 L. N1d4n2 CA 1.5044 c. 1047
IT.67 1.97 . 22506 FE 33.0672 42.5579
0. 00 0.00 . 207724 o- 26.3512 D.0000

TOTALS  1.00001 . 63.6488 103.7503
S ITERATIONS
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SAMPLE

TNPUT

IMTENSITY ES.

.47 1.70
2,99 . ne
EEMAY c.oed
.14 2.4
.12 7 g. ¢
1.14 &b
24, 58 1.02

n.on . o

TOTARL:E

TAMPLE

IHPUT

IMTENSITY B,

L7 7

- 1.71
.42 2.354
22,43 2.63
6.¥5 o.43
.14 7 2.132
1,97 1.92
21.57 .38
0. 00 ¥ 00
C7 TOTALS

/
—

INPUT,
INTENSITY . JEG.

.33 1.50
3.4 2. 07
3712 .40
2.21 2.ch
er 7 2. 07
1. 232 1.94

1.09
.00
TOTALS

WT FTN

WT FTN

4 TAMPLE
WT FTN

TLRG H

L Daeay
. QORAT
L1131s
L A0TEs
., MN0ed
LONELE
. 36431
. 42574

— 30

oMo xXura DX
m

S ITEFATIONS

SLAG A

0. 0a0n0no0
. 02nsa AL
L11250 S1
. 02286 S
00073 K
01061 CR
. 31a29 FE
. 20EE2 a

1. 000

M

S ITERATIONS

TLAG R

001772
. 01284
L11465 ¢ F1
. N1044 s
DR ¥ k
SR RN B C

5 ITERATIONS

WT PERCENT

WT PERCENT

—

rarara i} WA Walry

ouTPLT
DXIDE&

L57ne . 2454
1.7451, 3. 292
16,7851 35,9033
1. 0501 1. 0501
L0714 LDSAL
L BR9S TR0
41.5833  S3.5178
27,5553 0. 0000

L
A
-
e
1
A
H

A2.4447

Fee0Ls
puTPUT
O~1DES

0. 0000 nconon
3. 5981 BL300g
17.4395 37,3020
3. 0310 2. 0310

. 0327
1.1244
36,5447 L4191
378797 L0000
f2.1203 Q. 2262

. 0997
LSP3E0

N
=) e

//////k/ij;;J;Ef%:j '

robe beam
partia //)/ /xiﬁ‘m]

a /473 FeS
Pa[r*l(/ﬁ !

o =

-

N Ay

\~‘
R E V- N
DuTPUT -
WT PERCENT OXILDEE \
. 3954 P~ b b
2.31710 4., 3722
17. 0056 3. 3TN
1.3314 1.32214
RET-3c - £~ b S
LTSE3 1. 05&4
40,7665 S2. 4564 bt
27.21832 0. 000 ‘
A2.7817 26,5070 “



P g

B s

~ -

-Q .
+ INPUT

/™
v N /\
INTENSITY
&

1.
B2
57, e
=0 v
LT
Q.74
1444
0. on

SAMFLE

EG.

Al
it I Y]
(U a Tl )

JOURM i 1

1
RS

=
-

TOTALS

SAMPLE

IMFUT

INTENSITY

LT v

|

P X oo o e L3 2 KY 1]

-
Lol SN

LSOO Mo

INTENSETY

1.
6.
B

1
2
3
E
4
4
=

N
00— 15 W D T

—
D V) e

2]
n

e bt =2 1) 1) v
s 8 8 ¢ § s ¥

BT SR KN €K o 0 | ]

=
)

_TOTALS

SAMPLE
INFUT

o
[

1.90
.91
.77
c. 24
2. 03
1,20

=9

;
fon

TOTALS

PO R S TS ST T

ELAG

MT  FTH

LENITS
. SE4TY
1.000u0

5 ITEPATIDNS

SLAG

b (3 )

= T8 L0 e 0 P T 10

[0 8 ¥ kP P e B U]
s PO O s ) ]

1

e

N AN S o o
-
M= Lo

SLAG
WT  FTN

. 12355
. 17359
.ontzg
L nngeEl
LAOTES
LENTIT

_
.5!'7:':51

.....

S ITEPATIONS

-
-
— 17

OM™m<iA1aD
T

A1

FRTIDNS

Al

Miz
AL
81
s
Kk
CH
FE
o

1. 0259
24,7476
422728
s7i22

OLITPUT.

WT PERCENT

1.4714
2.9017
24.27449
L4292
L4370

. 38330
26.0077
42. 5950 -
57.40350

OuTPUT

WT PERCENT

1.1681
3.8484 .
24.5704
1708

. 2631
.230%
24.4726
44,6764
S5. 3234

~\

Z. o9l
T.2135
A2, 8023
L4118
LITER
1.4352
31,2901
0. 0nan
A7, 9532

i‘)'
[Py

Y70l 110
OXIDES

Frems 111
OX1DES

o
s =J 0

FNT ERT IR
AT O S Lo
e I T [ T

B3 DT O RS Tk

TEP0ls 112

O¥IDEY
1.93657
r.o724
52.95610
< Jivoe
R el |
1.15814
3. 4952
0,00
a4, 2113°
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e

i et <

k4

ZAMPLE MELT TLAG R

XX I 00 FU O ST RS

QMo =AnT X
m>D

—

DUTPUT
WT PEPCENT

2.3524
.5084

)
n

.B17e
1305

L)

355

AN
e 10
-~
oo

& ITERATIONS

TAMPLE MELT SLAG R

: INPLIT

IMTENSITY EG. WT FTH
. hed 1,53 .1y 23

G, a2 & DS LO3TS
77.R2 .16 L2395
20 7 1,73 L0007

.87 I.56 R
c.43 1.45 L0133
5.%8 -Ve L2270

0. 00 ft. 00 LBUYS0
TOTALS 1.00000

INPUT

INTENSITY —RA. WT FTH
&.61 1.33 .0127s
£.49 1.73 02193
2. n2 .92 L2222 h
.27 7 1.5% 00101
.78 1.41 nNo420
£.29 1.21 n1azs
.22 .05 L10701

n. 060 ., 00 . B07S]
TOTALS 1.00001

PR R B (4
- g

‘A
FE
D

DUTPLUT
‘WT PERCENT

2.4158
4.8254
20.2002
. 1444
.4969
1.3283
12.9104
47.5127
S2.4813

S ITEPATIONS

SAMPLE MELT SLAG B

INPUT

INTENSITY BG. WY FTHN

2. 10 1.54 L1105
10.27 1.97 . 3262
v3.395 2. N3 .2CHh15

127 1.67 L Naasn

1.232 1.47 . RO745

3.07 1. 24 . N1ASY

4,39 <EZ L7ET9

Q.00 n. 00 BB

TOTALS 1.000°2

_ OUTPUT

WT PERCENT
MG 1.8694
AL S.6347
TSI 30.4385
S .07 06
v . 2842
CA 1.8746
FE 2.9444
O ™ 50.32326
49.6164

« 3 ITEPATIDONS

N

crenls 12

OXIDES

[ a9
0
Ty o
Dol B e

IO =)
FU U a0 (Y R

97.2384

N1
OXIDES

2. 0034
10, €494
25. 1020

. 0V e

1/

1s

ro

W

ISR, vt Y B o v A A



e — T —————— T %

TAMFLE CH-DOL IV]
THPIT '

IHTEMSITY B, MT  FTH

o, 4,02 < HOSTE M3
JER? Senn CON114 AL
Th.41 B, S L 10TSY =1
.25 7 e 00042 T
-.1s 2 5,14 0.0UUUU K
2S5, 32 J.7= cli1z R
24,93 c. 29 SCDRAT FE
0, 0nn 0, 0n RS B (T8 D

1,00000

TOTALT
. S ITEPRTIONY

SHAMPLE CH-0LIYI

INPUIT

STHTENSITY EG, MT  FTH

.90 4.110 . DS M5
LB SRl ooy AL

79,58 .  I0E3R Y1
=ra ORI (1 TS,

-.14 7 S.&2 n,00nan0n0 b

g, 18 4,27 R K LR

22.A2 C.aR .EEHIH FE

. 0.0n 0. 0an o427 0

TDTHL‘ l nuunn

S ITEPATIONS

ZHAMPLE CH-0LIY]
IMFUT

INTENTITY B, MT  FTH

354 4, e NSRS M5
= SO S.57 LON1dg AL
vH, 5 S 112857 <1
S 5.22 L AN0TE g
T S. 03 BRI RY K
F5L.E0 4.5 L2359 CH
o9, o c. 13 L2 FE
0. 00 0. 00 RS SRR (8]
TOTALS 1. 00000

= ITEPATLBMS

TAMFLE CAR-0OLI%I

INFUT

INTENSITH EG. MT  FTM
4,98 4.18 011947 - MG
A0 7 S.Te L0003 AL
7v.21 Foo BS LANEF0 OS]
21 Ao D8 L0003 S
-.22 7 S.28  0.00000 K
g2, a9 45 25 20124 A
33,69 2.6 .22819 FE
0,00 n. 0o L4726 O

CTOTALS. 1. 00000

S ITEPATIONS

HE
DUTFUT

WT FPEPCENT

[y

oo

10— D LIS T 0N

= in
MO Sy = 0 ) D

DB N £ X I 8

o2, 1224
c7.2014
32.95174
Bh. 4226

HE
DUTRPUT

WT PEPCENT

—
.

Py
- Ny L.

— e Y
=N UR) RFY Sy

2 e

e}
.

=
o)

fu
&
u
DL Ml
N

ME
S OUTPUT

WT PERCEMT

[

N p—
PN BN |
— 0~ &
TSI Q) =

0(!
20

Ju)
'L~
£

Te o2 D3 Ny
o
nn

[s RPN I N

« .
[

=30

?

ME
guTPLT

MT PERCENT

2.5197
L1780
15,3039
T. 04495
0. 0000
21,2542
ch. 8315
-33. 8690
£fh. 1310

DD & AD

L, g
ERA B2
S35.7205

0, 00nn

101, 4361

-1

—o
[

o

'

0x1DES

2,455
C3IE0S

T TRRS
1212

l:l o an l:l I:l
22,ATS7
34,5129
0. annn
1nz. 2214

lia Hl

O~ I1DET

.oz
LAR0E
2309
L QS0
.ﬂi?I
2192

30 4545
0. o0an

1nz,.11va

4. 17649
VL RIES
22,7342

. 0445
0. 000

@9.7247

34.5:k1

LO00Q
Lﬂl 3529

1

/7

227
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THMPLE
INFUT
IMTEMSITY

ol
n

WT FTHM

Y 3. &1 . AN
ig. 10 5. 52 LEnTE
R 18 £, 21 L PESE

&b S.mn JOOzE3

L02 ? 4. 24 L Oanns
1059, 26 4,44 . CRTS

12,94 &.ng L1easd

n,on i, On LATEE]

TOTAHLE 1. 0000

AMFLE z
INFUT
INTENSITY EG. WT  FTH

.53 4.8 R
1,239 ¢ S.nd L 0zde
a9, 27 I Py L110gs
1.07 ¢ S.ET LantEe
P - g, 90 0. 00000
140,12 4,51 . 24474
Q.78 c.11 L Eng T
., 20 n, 0o L 455372

TAHMFLE
. INPUT
INTERSITY EG. WT FTN

3.3 3.45 LonEna
2,92 <. 84 L1541
34.873 .52 ~ 11915
1,15 *° S.TR LO01As
O 4,97 0, 00000
te1.20 .57 LOERLA
12. 65 S.in 0 nEsv4g
. 0n 0,00 LAT 1S5
TOTALS 1.00000

5 ITEPATIONS

CHMPLE

INPUT
tNTENSITY 3. WY FTH
. ANT0E
LN 0373
L 104682
01429

2. 93 )
1
Q
(=3
Q 0.00000
7
a
0

E
4

k. 01 £
74.35 &
5,48 5

- 17 7 5

118,98 4 . 29270
15.22 2 .10210
0. 00 P00 L 48TPE

h TOTALS 1. 00000

TLAG

TLAG

[xXl

— 3

o B I R
L

LAG & |

41}

7

——

OMNOXHBisDZ
m I

DUTPUT
WT FEPCENT

Y ) .

—
P N N 4 N Y 0N

Ty = g

My =100

- a L] L] . L] . - .
TR B O Y FER
Do SRS R RS I i NS S T O ¢
SN LT 00D
RRENE.TE

DUTPUT
WT PEPCENT

1,56641
L5201
15,5930
.CCRN

n. o0on
RE.L215

guTPuUT
WT PEPCENT

1.4942
2.4023
15.941%
24722
Q. o0ng
32. 00
10,4033

C37.S113

ae. 48837

ouUTPUT
MT PEPCENT

1.3444
1.6345
14,0120
1.7783
0. 0000
31.3275
12.4610
27.4464
he. 2536

S ITEPATIONS

DYIDET
1,524nN
A, 31332
o8, 3EET
CLedTRT
L0
40, el
14,8292
0o

2 SHEns
.00z
IR CARTER
Los R
0. aaon
St.nltz
10,3927
0, 0onn

OX1DES

2. 478
4.54n02
24, 0RS
. o3z
o, a0on
44, TF10
132, 2895
o, DODL
a9, Sge

Toent.

B e BN B I (VTS R

=Y N TR WY CRE P S -5

DNI?ES

— L n)
DR R (g g1}

W T e L
=

DA PY g kil By WU XN

L R

g
T

3

[xx]

228
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INTENSITY

w24

10,14
s, a7
4.

INTENRITY

S.77
1,22
A7, S7
4.26
.38
127.26
c.42

., un

INTENSTITY

.82
1&.31
Q7. 33

4.76

31
121.09
2.7

0. 00

_ INTENSITY

TAMFLE MELT ILH

IMFUT

~. WT  FTHM

N L o]

] LN1S0ng Mz
.94 01741 AL

G 12934 <

5.8 . 003 S

? d.52 CANUTe 4
4,18 21090 CH
1.9¢ mezv FE

.0on S I B 0

TOTAL € 1.0nnnt

.5 ITEPHTIONS

THMPLE MELT <LA

INPLIT

ae
Uy |

WMT  FTH

4.41 01 EEE Mz
S. A5 (D R=rur AL
S| 13737 %1
.22 LNOTES S
4,51 S NON=3 ¥
4.173 L3307 CH
1,24 L M1ag2 FE
3. na .4a234 0]

TOTALS 1. 00001
S ITEPATIONS

\ SAMFLE
INPUT ,
T FTN

[l
|
N

LD141S Mz
.ne114 AL
12703 SI
L0207
LN00TR
L29YTa
L0122
L5027
1.00001
S ITEPATIONS

\
MELT ZLHA

£ 4L AT L
= fa fY = T L
Nl S D

m>I

1.7%

amnxig

THMFLE
INFUT

o2
N

WY FTi¢
L 01439 MG
. 0199y AL
.13ez2 S1
. 00433 AN
LO007S K
.30133. " “CR

747

« o & v 0

D= b LA L

S D e YN0
0 ) e e e 00

AL S

. Q0632
.91434
1.00001

S ITERATIONS
t

FE
0

=
ouTPLT
WT PEPCENT

L2823
. S7RE
. D948
L2721
.20

—
0ty

23,9671

1,570
40, 26730
S9. 5370
G oz

ouTFrUT
WT PERCENT

c.3740
g.veac
7.2528
AN
. nara
. 1641
. N244
. 79210
.conen

1

)

[» s WA}
o0 b

MELT =LAG =

ouTPUT
WT PEPCENT

. 4179
. 1329
. 8391
Lo1ee
i1 1rd
5479

—
[andin TSNS

(53]
0 S MY
Fee
U‘c
n
I

40,5403
59,3597

DuTPUT
MT'PEPC%NT

1n

- 2.4360
2.932¢e
17.8844
. 5R52

. 0785
22.93872
. 3k22
42.32027
07.6973

=4
=~
Dy
.:..
—

0

¥

a

<
Pt
o]
m
(V2]

DV IS 2 N

(X

PR Rl K A XY
ORI SR I ALY R PR
P B B R TR B

B

RS N B X X3 L0 L (X

Ju
X
—
DCx W
ny
fig

=)
=)
X
P

RSN}
O¥IDES

XN N}
0 - ) bl

1 )-|
0) oy
Yo £ 1T pes

0o Mg g

H

vy =)

v L -
N -}

1T =) e
A5 Ty ]

0O
0
10
)
o

[re)
—
.« .

\

O Q
A

333N
.541=
23,2947
. SR52

. 0Rd4n
45, 0207

1.1104

229




TR st e s L,

SAMPLE MELT tLA
INPLIT

INTENSITY Eia. WMT  FTN

.23 1.72 . 04452 Miz
4.52 Z.15 LNiat3 AL
4S. 4. 2.41 L1 2350 TI
c. 34 P It L0325 s
L2 7 1.3A L0004y K
4. 24 1.73 LSS0 A
.73 .25 LN FE
0. 00 n.on L9351 4 0

)

TDTHL£ 1. 00000

o ITERATIONS

TAMPLE MELT 2LA
INPUT

INTENSITY Ra. UT  FTHN

5. 32 1,34 04172 M3
4.4% g.22 .0153& AL
45,77 2.47 13441 SI
1,24 .15 .00&Es S
R 1,85 .00013 ¥
S0.54 1.70  .2532% (A
.23 .72 .00E2S FE
. 00 0.00  .SIF33 D
TOTALS  1.00001
S ITEPATIONS

THMPLE MELT SLA
WMT  FTH

INPUT
INTENSITY - E&.

2. 22 R Wc) | 04124 Mis
3.44 c.cn 01222 AL
43.054 2. 45 . 13302 31
1.22 c.12 . 00439 s
—. s @ 1.32 0.00000 K
5e.723 | 1.57 L2707 oA
’ A5 7. 77 Qo213 FE
n.ao .00 33510 o

TOTALS 1.00001

S ITEPARTIONS

L TAMPLE  MELT <LA
INPUIT

INPENSITY EG.  WT FTN

2.17 1.92 04092 MG
310 2.21 .0110% AL

45, 37 2.5% | 13323 4SI
1.61 .21 .oos7t s
-.03 7 1.85 o.o00000 fK-

S1.45 1.69  .26393" Cnp
217 .72 .00300  FE

0. 00, n. a0 .S4202 8]
TOTALS t.o0001
B S ITEPATIONS

—
0o,

guTruT

WT PEPCENT DI

7.2200
2.5197¢
17,3524
1.0751
.N312
27v.5427
1.3723
41,2323
3. 0111

~ o~
Lo

guTPLIT

WT PEPZENT

0. 3323
2.4427
17.32¢73
L3723
. 0207
23.46411
.4022
42.2037
27.1343

-~ -
L B

OuTPUT

WT PERTCENT

6 C
ouTPUT

WT PEPCENT

0.0000
29. 0372
. 2705
42.7017
96.29832

)

-,

[
m
V)

14
0 B Ny
D20 QR SR AN 1 1)
I~ sg= Do =

A NN R X R gh]
DR RN PR A%

JJ.

o]
-

0. 0o
F7.0002

a4 O

O<IDES

o
DV Jey o
L

e WX LR XY I N

TS
2 KN X B [ S

XTI < i PR
Lepfog -

BN
"I

=N

=

.

P
=
)

L
)
XY
4
2]
0

11,227
3.9944
32,0291
-394
T

n, a00nn
95,9052

=)
=~
=J
=2
—
~

It
~we 0O
R
L]
o]
3
)

L2791
L S2ar
37. 7440
o

N. 000Q
Q4. 0909

1~

17

1/

1

o
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N— o

o —— P o,

CAMPLE CA-MUSTITE
IMPUT : puTPuT
INTENSITY B, WT FTHN WT PEPCENT
-.e7 1,287 0,.00000 Mi5 0.0000
.13 07 &. 62 LOINgT AL . Qars
I 3. 14 LON1EY S1 .1972
.52 30332 LODE0E < L2462
Lz c.22 S LE TS B k . 0164
16,62 c. RS L 0BSe7 CR 2.2071
43,12 1.2% LEDIR2 FE &, 02
0.0a 1, 0n LaNET 8] 2S.2047
TOTALS f.00000 74,7952
~ ITEPATIONS
SAMPLE CR-WUJSTITE
INPLIT ’ OuTPUT
INTENSITY RG. WT  FTH MY PEPCENT
LT @ 1.2n Lanazv M5 1019
L3072 c. 95 LAntaz | AL .22832
. A1 3.0 LOon1Rt <1 L .2912
-.ne 7 .32 0,00000 < 0.0000
-0z 7 C.AT 0.000060 K a.00n
11. a2 2. Tk LS CH. 5.8p999
47. 2 1.41 . BBREG FE 71,3557
0. 00 0. 09 SReTS 8] ce. 1924
TOTARLS 1, 000010 r7.2076
6 ITEPATIDONS
. TAMPLE CR-WLISTITE
INPLIT DUTPUT
INTENSITY Ri5. WT  FTHN WT PERCENT
-.33 7 1.75  0.00000 Mz 0.0000
.17 2.47 L0006t AL . 1274
.64 2. oA 00138 N | L3009
.10 7 .18 LOD03S 3 . 0423
.25 7 c.77 LO01ES K \ 1279
.10 2. 955 L0415 CA 2.9731
46,33 1.24 LRS54 F 70,2295
0.0an n..00 2924 o £5.1987
TOTALS 1.00000 74.80172
6 ITEPATYONS
CAMPLE CA-WUSTITE
INPUT ' . puTPLT
INTENTITY R, WMT FTN T PEPCENT
M T 1.72 Lanoze .06073
.22 2.42 ] 1624
1.14 Z.9a1 LON335 SI_  .5384
.11 7 2.10 L 00032 S ™ L0460
.10 2 c.73 Lonose K . 0926
10,42 2.5 . 05351 CA 5.133%9
44,72 1.24 52120 FE 68,1103
Q0. 00 Q. on L3034 3 1] c5.8962
TAOTALS 1.00000 74.1032

& ITERPATIONS

cEeNy -
OXIDES

. 13842
L4231
ETY
LS RCE
11.9212
24,9202
o, 000N

vernts
OXIDES
0.0000

2411

N = T
N AnNL L

el N ST RIY

o,
n

B
23
1
5. 9984
4
0

=0
=N

= 1

ar. o

=
fy
un
o

Treny s
OXIDES
L1aan

. 2070
1.1522
<0420

. DR324
r. 1817
0. 0000
QL. 5082

17

17

1-

S

Dix]
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-~

-
TAMPLE CA-WMUSTITE
INPLIT ) OUTPLIT
INTEMSITY EG. T FTM WT PEPCENT
~-.45 7 .72 0, 00000 M 0.0000
-. 37 7 SCSU N aa0nn AL 0. 3000
-. 7 .00 000000 T 0.0000
-.1a 2.2n . 0aaning RN a.00an
- 17 2 SLUR 0L anann ¥ 0. 0000
c.RN .57 LNz CH 2.9Q2)
S. o8 .22 L B FE 71.7905
0. 0o a.nn .CERETZ D 24,2113
TOTAL< 1.0anog 7£95.7887
& ITEPATIONS
CAMFLE CH-WMUSTITE
IMNPUT _ DUTPUT
INTENSTITY EG WT  FTN MT PEPCENT
.44 7 1.9%  n,.00000 M3 g.0000
~-. 31 7 .7 N, nnngn RL T 0.a9000
-.0n7 » 3.3 0.nnanag ST o.o000
~.25 7 .52 g.anong < d.00nD
-.31 7 00 Qoo0000 ¥ 0.0000
c.r7n 2. EA .N1452 CA 1.3756
46,21 1.3 . BRY22 FE 3.9195
0. 00 o, 00 .23115 u] 24,7049
TOTALS 1.0000 75.2951
. & ITERATIONS
TRAMPLE CA-MUSTITE
INPUT - ' QUTPUT
INTENSITY EG. NT FTN WT PERCENT
.18 1.99  p.00000 MG 0. 0000
-.1e 7 ST 0, 00000 AL 0.0000)
.29 7 2,28 .07 Y SI .1201
- 34 2 2090 DL a000n 3 “0.0000
-.23 7 .08 O, 00aan 13 0. 00010
3,43 cC. 3 L1249 LA 1.74682
47,29 1. 35 oD FE 74,5079
0,00 n, an ZPROQ ] 22. /257
TOTALS 1.0000n

€& ITERATIONS

76,3743

X4’ B U !

OX1DES

0o, 0000
. 0ann
o.oo0g
0. aN0n

0, 0000

OXIpES

0. 0000
Q. 0000
0. o00n

1.9z245
T5. 1344
0. onon
ar. 0528

Fv70L-

O IDES

o, 0naGgn -

. 00040
. 2SR9

0, Goann
R, 5214

114

1715

SRR,




. G - W AT A

Ly

~ ~anays

233
14 a .
|
{
I
|
1710
¢
5
1
111
i
!
e
1712

1713

THHMFPLE 102 Trrot
INPUT - ouTPuUT
INTENSITY RG. WMT  FTN MT PEPCENT OXIDES
L2 7 1.04 LOnaTE M L1122 i RSl
.14 7 1.37 L ON0NET AL . 0222 Ldaea
az. 232 1.52 B S | <1 45, 177 e, £330
L0g 7 1.0% LOonngR v . NEEn . Na39
e 7 ] R V. S N =T L1273
S0E T .56 0uosy A - DEAT s
LOE T 42 o1z FE L1401 L1203
a.00 n.naq CEDNT4 8] G4, 2734a 0, 0000
TOTHLE R 45,7201 //9?.4604
<AMPLE FED veent s
INPUT ouTPLIT
IMTENSITY Ffs. WT FTHN WT PEPCENT OXIDES
-.61 7 1.1 . 00000 M 0.0000 0. annn
-. 132 c.68  0,00000 AL 0.0000 0. Q000
L5 7 2.3 Lanots 1 .MN270 . OS78
-.01 7 .44 0, 00000 < . 0. 0000 0. 0000
LN 7 c. 3% LNz t. 0310 . 0374
g7 2.79 L0003 CR L0217 L1203
S2.46 1.28 Led 10y FE 78.1452 100,572
g, Q0 g, 00 LSS 30 0 c1.7751 0. 000
TOTALS 1.00000 78.224% 100.£%27
SAMFPLE MG0 a4 \b¥e
INPUT . DUTPUT
INTENSITY - B, WuT FTH WT PEPCENT OMIDES
86. 36 1.568 43326 MG 58.5247 a7, 03332
-.10 7 1.19 .0,00000 AL 0.0000 o, 0000
L0587 1.44 LQnags | S1 . 03573 L OVRY?
.20 7 1.56 L ANO70 S . 0981 L 931
e 7 1.37 . 00033 K . 0400 . 0422
L0537 1.27 . NONzg -H L27S . 385
.05 7 .62 L ODO72 FE . . 09597 L1225
0. 00 n.o0. . SE450 ] 41,1723 0.0000
-.-I0TALS 1.00000 58.3217 aAr.413832
P SAMPLE CACO3 Feents
INPUT . DUTPUT
INTENSITY Bi5. WY FTH WY PEPCENT OXIDES
~.2B ? 1.61  0,00000 MG 0.0000 f.00ono
—.35 7 Z2.19 0.00000 AL 0.00010, a, oo
e ? &. 44 .00nt v <1 L2172 . 1458
-. 0 7 2.27  0,00000 < n. 0NN a, anan
-.12 7 1.3 Q. 00000 K . 000N 0, 0nng
4. 05 . e b 2] 32.7344 - 55,5234
-. 09 7 .7l Q. Q0000 FE Q. 0a0n n. Qoo
n.00 0,00 .H1223 o 60.24473 n.00no
TOTALS l.OOOQE _ - 39.7557 59,6340
SAMPLE ° AL203 et
INPUT . : QuTPLT |
INTENSITY P&, WT FTN WT PEPCENT OXIDES
-.12 7 1.87 0.00000 Miz . 0.0000 0. Q000
118.22 2.38 . 42357 AL 52.9243 100, 0270
.01 7 1.59 . 20Qo2 S1 . 0045 L NO3A2
-.10 7 .72 0.00000 0. 0000 0. 00ao0
-,24 7 1.54 0.00600 K 0. 0000 0. 0000
-.16 7 1.42 0.00000 cA 0. 0000 0. 0000
-.01 9 LB Q.00000 FE ~ 0. 0000 6. 0000
0. 00 0.00 .S7e41 O 47.0711 020000
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APPENDIX A5

A5.1 Chemical Composition of the Off-gas from Cement-bonded Pellets

A5.1.1 Chemical Analyses and Estimates of Moisture Contents

The analyses for H2, co, N2 and CO2 were straightforward measure-
ments by gas chromatography. However, by the very nature of the dew-point
indicator. the change of the moisture content of the gas with time, could
not be measured; only the maximum value. The chemical analyses as-meas-
ured are listed in Table A5.1. It will be observed that éven the maximum
value of the moisture content was small; the off-gas being mostly hydrogén
and carbon monoxide. ///

The dew-point indicator was a simply constructea device wherein a
closed-end polished copper tube was® inserted vertically through a rubber
stpper into a glass flask. Water was placed in the copper tube and its
temperature controlled whi]é}the flask itself and the connecting tubes®
were kept warm. The off-gas was paésed through the flask and the bolished
surface of the tube was‘observed for evidence of water condensation.
Condensation wassobserved at 25,5°C bﬁt not at 26.5°C and it occurred

about 15 seconds after the start of the runs. A dew-point 0f+26°C is

_equivalent to 3.4% water vapour in the off—gas(ss). The source of most

of the moisture was the water of hydration from the éenént since the
pellets hud been dried previously at* 120°C.

In bﬁper to progﬁde a measure of thermochemical consistency when
listing the off-gas composition at various times during reduction, the
missing wate§ vapour contents have been estimated by calculation using

thgrmochémical data with the available measured chemical anaiysis.
. . |

-
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/
Time vol. % H, vol. % CO | vol. % N vol. % CO vol. % H20
; 47. 46. 2.5
~15 sec. 1.5
3.4
38. 54.5 2.3
~20 sec. 41, 53.5 1.3
%Gg 39. | avg 54 avg 1.8 1.5
> 15.0 82. 0.7
~30 sec. 16.0 8. 1.5
avg 15.5 | avg 81. avg ‘1.1 1.4
8.8 88. 1.1
40 sec. 9.1 8s8. 0.7
9.2 | 8. 1.6
avg 9.0 |avg 88. avg 1.1 1.2
Table A5.1: Chemical analyses of the off-gas during reaction of

I

cement-bonded ore-coal pellets.
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One difficulty that became apparent was the']ack of measured temperatures
of the reacting gases at the pertinent times. If it-cou]d.be éssumed that
the gaseous reactions reached equilibrium as the gases passed through or
were near the pellet surface, then an estimate of the pellet surface
temperature would suffice for approximate.caleulations. From visual ob-

[

servation of the pellets during reaction, such an estimate was possiblé
after the soot had cleared from the off-gas. The fh]]owing will illus-
trate the type of calculation used.

The off-gas composition at 40 sec. was found Fo be 9% H2, 88% (0,
1.2% CO2 and 1.1% N2, while thg moisturé content_wés unknown. Also, by
visual observation, the pe]]gt'su}face temperature at 40 sec. was about
1350°C. First, let it be assumed ﬁhat these gases reacted according to

the water-gas shift reaction, the thermodynamic data for which is obtained

from Kubaschewski et a1.(64)
H0tg) * D(gy * Dp(g) * Hag) 467 = -8,600.+ 7.65T cal/mol
The equilibrium constant (K) for this reaction is

-1.67

log K = 20€° _ 1880
45757 T

At 1350°C (1623°K), K = 0.31 and thus
Peq. X P .
c0, * P, 012 x .09

= .004
K x Peo .31 x .88

it

p
H20
Hence, the water vapour content is 0.4 vol %. Volume fractions may be

substituted for partial pressures in these calculations because the

R atarsautatal
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nitrogen content was low {1.1%) and it was the only ceﬁstituent of the
off-gas not taking part in the reaction. Similar calculations using the
off-gas composition obtained at 30 sec. and an estimated temperature of
1300°C yield a moisture content of 0.8%. Again, calculations us{ng the
off-gas composition obtained at 20 sec. and an-estimated temperature o%
1200°C yield a moisture content of 2.8%. At 15 sec., where the complete
gas analysis is known, calculations using the same thermodynamic equa;ions
yield a temperature of 1150°C. These calculated results are consideree
consistent and reasonable. u

If it had been assumed that the gases reacted according to the water-
gas reaction; |
Tog K = + 7.44

N -7050
"20g) * Cs) ™ Ma(e) * =N

g)}

then at 15 sec. the temperature of the be]let surface would‘have had to

be 790°C. This is an equilibrium value, theoretically possible, but in
practical terms, it is too low. Firstly, the pellet had been exposed to
an ambient/iz::erature of 1500°C for 15 sec. leading one to expeet a
higﬁe% surface temperature, and secondly, by that time, CO generation

from the combined reduction reactions had reached its maximum rate sug-
gesting a higher temperature from 5 kiqetic point of view. Calculations
u§ing the off-gas compositions at 20, 30 and 40 seconds and at tempera-
tures'above 1000°C show moisture contents becohing_vanisﬁing]y small. In
the absence of measured surface temperatures, the water- -gas shift reaction
-was chosen as controlling because a gaseous react?én should be much closer
to its final equilibrium than a heterogeneous reaction involving both

gases and solids.

-
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A5.1.2 Estimate of Initial Off-gas Composition

Due to limiiations of experimental apparatus and procedure, samples
of the initial off-gas from pellet reaction for chemical analysis could
nof be ostained. Nevertheless, when the composition data, gained at later
stages, were being used to plot the “rate of gas evolution" curves of
Figure 5.1, it was realized that in order to locate the high points of
the curves, an initial off-gas compqijtion was needed. Since there were
no measured data, the following assumﬁtions had to be made.
a)™ An induction period of less than one‘second was observed before the
pellet surface'reached a temperature of about 500°C, at which time
and temperature, rabid gasificat}on,of the, coal occurred. Hence, a
time of 1'sec. was chosen as the initial time for off-gas formation.
b) 1Iron ore ;eduction could not have begun and thus the carbon monoxide

content of the gas would be about the same ashcoke-ern gas, i.e., 6%.
c) The cement would have begun to release its water -of hydration almost
" immediately and from déw-point observations the off-gas reached its -
maximum moiséure content of 3.4% at about 15 sec. Due to the 1ack'of
data, the moisture content o% the off-gas at 1 sec. wés assumed to be
at its maximum value of 3.4%.
d) The nitrogen content shouid be low and again, about the same as for
coke-oven gas, i.e., 3%,
e) The carbon dioxide content at 1 sec. was assumed to be at its maximum-

measured value of 1.5%.

e et - -
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f) “Most of the remaining gas would 'be a mixture of hydrogen and hydro-
carbons, mostly methane. Since the hyd%ocarﬁons Qou1d soon crack
when carried a short distance from the pellet surface into hotter
regions, it was assumed, for combustion purposes, that the remaindar
of the gas was composed only of hydrogen, ie., 86%.

Thermochemical calculations were not attempted since there were
doubts about contfﬁlling reactions, equilibrium, and the role played by
methane and carbon soot on water vapour contents. !

» In summary, the instantaneous chemical analyses of the 6ff-gas at
various times during pe]]et reduct1on are given in Tab]e A5.2. The data

“labelled e in the table were estimated, as outlined in this section, by

taking-cognizance of experimental conditions and thermochemistry.

i
i

Chemical Analysis, Vol. % '

Gases 1 sec. 15 sec. 20 sec: 30 sec. 40 sec.
H, 86.e 47 39. 15.5 9.0
c0 - 6.e 46. 54. 81. 88.
H20 3.4e 3.4 2.8 0.8e 0.4e
€0, T.5e 1.5 1.5 1.4 1.2

. N2 : . 3.0e 2.5 1.8 1.1 ‘ 1.1

e - estimated -

' Tab]e AS 2: Chemical analysis of the -off-gas sampled-at
various times during pellet reactlon
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APPENDIX A7

A7.1 Heat and Mass Balance Equations

Three independent linear equations in three unknowns were formu-
lated using carbon, silicon and heat balances. By separating the vari-

ables, these equations were fitted into a matrix of the following form.

Carbon eqn: A,]X] + A12X2 + A]3

I
w

Silicon eqn: Amx1 + A22X2 + A23 = B
Heat eqn: A3]X] + A32X2 + A33 = B

3
where the unknowns are Xy = Coal Weight
X2 . = Flux Silica Weight
X3 "= Excess Heat

Derivations of each of the equations follow.

240 ;
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A7.1,1 Carbon Balance

The amount of coal required‘by the process is governed by the
chemical requirements for carbon within the vessel. This includes the
hot metal carbon content, the carbon needed to reduce the oxides of Fe,
Si and Mn, the carbon needed fo conbine with the oxygen content of the
coal so that.it may evolve as C0, and the carbon needed to convert the
C02 from the carbonate boﬁding (flux addition) to CO &ithin the pellet.
It will be recalled that about 8% of the total carbon content of the coal
escaped the pellet as soot which was then unavailable for chemfca] re- .
action within the pellet. Hence, a correction factor for effective car-
bon utilization (EFF = 0.92 for max'ut%1ization) is introduced into the
equation. The reduction reaékions on which the carbon requirements are
based, are included for c]arity.

" COALWT * COALC/100 * EFF = HMAT * HNC/100
ﬁ OREWT * FEOX/100 * 64/232 * 12/16
(Feao4 + 4C = 3Fe + 4C0)
+ HMWT * HMSI/100 * 2 * 12/28
(SjO2 + 2[C] = [Si] + 2¢0)

+ HMWT * HMMN/100 * 12/55
(Mn0 + [C] = [Mn] + CO)

+ COALWT * COALCO/100 * 12/28 + COZWT * 12/44
B ’ (Co,, + € = 2C0)

e S A e B we
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P
’ where COALWT = Coal weight, kg ;
1
4 COALC = Coal carbon content, % f
{ EFF = Effective carbon utilization '
; HMWT = Hot metal weight, kg
i HMC = Hot metal carbon content, %
OREWT = Ore weight, kg
‘ 4
FEOX = Iron oxide content of ore, % {
» HMSI = Hot metal silicon content, % i
f HMMN = Hot metal manganese content, % 3
COALCO = CO content of coal (from O content), %
COZ2WT = Total weight of CO2 from carbonates, kg ;
The variables are separated to obtain the elements of the matrix .
equation wherein the unknown X] = COALWT.
. MKy ¥ MgXy + AygXy = By
A(1,1) = (COALC * EFF - COALCO * 0.43)/100 :
A(1,2) = 0.0 '
A(1,3) = 0.0

B(1) = (HMNT * (HMC + 0.858 * HMSI + 0.218 * HMMN)
+ 0.207 * OREWT * FE0X)/100 + (CO2WT * 0.273)
The variables which are separatgd into B(1), above, have been
groupeﬁ together and defined as CNEED for ease of handling within the
program, especially when used in the heat balance eﬁuation. Hence

CNEED

Weight of carbon needed to satisfy chemical. /)

requirements of reduction and solution, kg

and B(1) CNEED
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can be added to the system as a flux material. - Hence,

243

A7.1.2 Silicon Balance

In formulating a silicon balance, the process vessel may be viewed
as a theoretical box in whid?tme silicon input equals silicon output.
That is, silicon in the form of Silica enters the system as a constituent
of the iron ore and coal, and leaves as silicon dissolved in the hot -
metal and as silica in the slag. A complication arises, however,'because

the slag composition has been chosen beforehand and the slag weight'{s

determined by a sulphur b>lance which, in turn, depends on the coal weight

used. To regain the necessary freedom to balance, a provision is incor-

porated into the balance equation whereby an unknown quantity of silica

-

OREWT * ORSI02/100 * 28/60 + COALWT * CLSI02/100 * 28/60
+ FXSINT * 28/60 = HMWT * HMSI/100
+)SLWT * 5L5102/100 * 28/60

L SLWT = %—g% % COALWT = Q1 * COALWT

(used in program because SLWT was’

unknown at this stage)

A A ot
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where OREWT = Ore weight, kg
ORSIQ2. = Silica content of ore, %
COALWT = Coal weight, kg
CLSI0Z = Silica content of coal, %
FXSIWT = Flux silica weight, kg
HMUT = Hot metal weight, kg
HMSI = Hot metal silicon content, %
SLKT = §lag weight, kg
SLSI02 = Silica content of slag, %
CLSu = Sulphur content of coal, % \
SLSU = Sulphur content of slag, %
Q = Quotient used in program

l

The variables are separated to obtain the elements of the matrix

equation wherein the unknowns X] = COALWT and X2 = FXSIWT

A%y + Ayody * ApsXy = By

A(2,1) = (CLSI02 ~ Q1 * SLSIOR2) * 28./6000.
A(2,2) = 28./60.
A(2,3) = 0.0

)

B(2) = (KMAT * HMSI - OREWT * ORSIO2 * 28./60.)/100.

e A o .
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A7.1.3 Heat Balance
In the broposed process, composite pellets of iron ore, coal and
carbonate bonding material enter the vessel and react to produce liquid
iron. This is endothermic; hence, thermal energy must be supplied to
the rgacting pellets. One way to do this is to generate heat by burning
the off-gases from reduction with oxygen within the vessel. There are
) ﬁany terms in the heat balance equation that perhaps it is best to
list the terms in a manner which is believed to bg se]f-egplanatory.
(i) Heat Created = Heat Needed + Excess Heat
(i) Heat of combustion of CO from all sources (Fe, Si, Mn oxide
reduction, coal, CO, from carbonates)

+ Heat of combustion of H, (from coal)

+

Heat ofﬁ(ormation of slag

[y

Heat of combustion of exce$s carbon above chem. needs {soot

-+

and extra coal)

Heats of reaction (Fe, Si, Mn oxide reduction, Boudouard)

+-

Enthalpies (net? of Fe304, 5102, A1203, MnO, C, HZ,"CO, Ca0,
Mg0, C02,

+

Enthalpy of Oxygen used for combus%1o§ of CO, H2? c

+

Heat of dissociation of carbonates

-+

Heat of solution of carbon in iron

&

-+

Exceé§ Heat

-,
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+ ENTO2 * (COALWT * COALH/100) * 32/4
2H,(4) +05(32) = 2Hy0
+ ENTO2 *[COALMT * (COALC/100 - COALCO/100 * 12/28) - CHEED] * 32/12
C(12) + 0,(32) = C0,
+ HSC * HMIT * HMC/100
+ EXHT

Definitions of the variable names and the values assigned to the
heats of reaction may be found in Appendix A7.2.
(iv) The variables are‘séparated to obtain the elements of the matrix
equation wherein the unknowns are
Xy = COALKT and X3 = EXHT (Excess Heat)

A + A

1Ky AgpXy + AyaXy = By
0XCO * COALCO/100 + OXHZ * COALH/100

-1
-
(78]
~
St
g
H

HFSLAG * Q1 * SLSI02/100

<+

+ 0XC * (COALC/100 - COALCO/100 * 12/28)

(ENTSI@; - ENTSILT) * CLSI02/100

(ENTALHT -- ENTALLT) * CLAL03/100
(ENTCHT - ENTCLT) * (COALC - COALCO * 12/28)/1C0

(ENTH2HT - ENTH2LT) * COALH/100

1

(ENTCOHI ~ ENTCOLT) * COALCO/Y00

1

((ENTCAHT - ENTCALT) + HDCAO) * Q1 * SLCA0/100. -

((ENTHGHT - ENTMGLT) + HDHGO) * Q1 * SLMGO/100
ENTO2 * COALCO/100 * 32/56

ENTO2 * COALH/100 * 32/4

ENTOZ * (COALC/160 ~ COALCO/100 * 12/28) * 32/12

t

t

g
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0XCO * [(OREWT * FEOX/]éO * 64/232 * 28/16)
+ (HMWT * HMSI/100 * 2 * 28/28) + (HMAT * HMMN/100 * 28/55)
+ (COALWT * COALCO/100) + (CONT * 2 * 28/44)]

+ 0XH2 * COALWT * COALH/100 + HFSLAG * SLWT * SLS102/100

- Q1 * COALWT i
+ 0XC * [COALWT * (COALC/100 - CGALCO/lOO * 12/28) - CNEED]
| 7 “-see € balance
= (HRFEOX * OREWT * FEOX/100) + (HRST02 * HMWT * HMSI/100)

+ (HRMNO * HMWT * HMMN/100) + (HRCO2 * CO2WT)

+ (ENTFEHT - ENTFELT) * (OREWT * FEOX/100) .
+ (ENTSIHT - ENTSILT) * (OREWT * ORSI02/100 + COALNT * CLSI102/100)
+ (ENTALHT - ENTALLT) * (OREWT * ORAL03/100 + COALWT * CLAL03/100)
+ (ENTMNHT - ENTMNLT) * (OREWT * ORMNO/100) |

+ (ENTCHT - ENTCLT) * (COALWT * (COALC -.COALCO * 12/28)/100)
+ (ENTHZHT - ENTH2LT) * (COALWT * COALH/100)
+ (ENTCOHT - ENTCOLT) * (COALWT * COALC0/100) N
+ ((ENTCAHT - ENTCALT) + HDCAD) * SLUT * SLCAO/100

A ' Lo g1 * COALWT
+ ((ENTMGHT - ENTMGLT) + HOMGO) * SLWT * SLMGO/100

| Q1 * coAuT
+ \ENTCOZH "~ ENTCO2L) * COZHT . B £
+ ENTO2 * [(QREWT * FEOX/100 * 64/232 * 28/16)
+ 9AMNT * HMSI/T00* 2 * 28/28) + (HWWT * HM/100 * 28/55)
+ (COALWT * COALCO/100) + (COZT * 2 * 28/44)] * 32/56
/ C S

/

y

S Lo (2e0(56) + 0,(32) = 200,) .

e a g e o B At e e At o
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% 1 %
A(3,2) = 0.0
A(3,3) = -1.0
B(3) = HRFEOX * OREWT * FEQX/100 o
+ HRSI02 * HMAT * HMSI/100 S
+ HRHNO * HMYT * HMMN/100
+ HRCO2 * CONT"
+ (ENTFEHT - ENTFELT) * OREWT * FEOX/100 !
+(ENTSIHT - ENTSILT) * OREWT * ORS102/100
+ (ENTALHT - ENTALLT) * OREWT * ORALO3/100
+ (ENTMNHT - ENTMNLT) * ORENT * ORMNO/100
+ (ENTCOZH - ENTCO2L) * CO2HT

+ ENTO2 * OREWT * FEOX/100 * 64/232 * 28/16 * 32/56 ]
+ ENTO2 * HMWT-* HMSI/100 * 2 * 28/28 * 32/56

»

+ENTO2 * HMWT * HMMN/100 * 28/55 * 32/56

+ ENTOZ * CO2UT * 2 * 28/44 * 32/56 ‘
- ENTO2 * CNEED * 32/12 ‘ ‘ . f
+ HSC * HMAT * HMC/100 |
- 0XCO * OREWT * FEOX/100 * 64/232 * 28/16

" - OXCO * HMNT * HMSi/100 * 2 * 28/28 .
- OXCO * HMAT * HMMN/100 * 28/55
- OXCO-* COZWT * 2 * 28/44
+ OXC * CNEED P

In the_program, many of the above terms have been compined and

fractions were condensed into single numbers. The expanded version given

here aﬂ:ows one to follow individual heat ter}@ more clearly.
- \ "




A7.2 List of Variable Names found in Computer Program.

HMSU

Input’ Variables
FE . = Imncmnﬁtpfom,%
‘0RSI02 = S1'02 content of ore, %
ORALO3 = Al,0, content of ore, %
ORMNO = M0 -content of ore, %
COALC = Total carbon content of coal, %
FIXC = Fixed carbon content-of coal, %
COALH = Hydrogen content of coal, p
COALO { = Oxygen content of coal, %
- CLSU = Sulphur content of coal, %
ASH = Ash content of coal, %
ASHSI02 = Si0, conitent of coal ash, %
ASHALO3 = A12Q3‘conteﬁt of coal ash, %
SLCAO = (a0 content of slag, % -
SL§I02 = $i0, content of slag, %
SLADO3 = A1,0, content of slag, %
SLMGO = Mg0 content of slag, %
SLWT = Slag weight, kg
EFF = Effective carbon utilization -
TEMPC = (Qperating temperature, °C .
PREHTC = Preheat temp. of input.materials, °C
HMWT = Hot metal (Tiquid iron) weight, kg
HMC = Hod metal carbon content, %

Hot mefal sulphur content, %

249

5

Input Data

68.1
5.2
0.5
0.2

82.4
59.1
5.4 .
5.2
0.7, 1.0
4.7
54.5
33.5

42.0
34.0
10.0
14.0
200, 250, 300

<0.92 (base) - 0.76 ~

1500, 1520, 1540
25, 300

1000
2.0 - 4.0
0.020 - 0.060
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; Variables defined within the program
FEOX = Iron oxide content of ore, %

COALCO = CO content of coal (from oxygen content), %
CLS10z = Si0, content of coal, %

CLALO3 = A1,0, content~o%5coa]. % /
1K = QOperating temperature in deg. K

TP = Preheat temperature in deg. K

The following enthalpies are in kd/kg. Enthalpy formu]ae'may be found

in the program listing (A7.3).

ENTFEHT Enthalpy of Fes0, to high (operating) temperature
ENTFELT Enthalpy othe3O4 to Tow (preheat) temperature
ENTSIHT, ENTSILT Enthalpy of.SiOz, high-qnd Tow temp.
( ‘ENTALHT, ENTALLT Enthalpy of A1203, highhand Tow temp.
ENTMNHT, ENTMNLT Enthalpy of MnO, high and low temp.
A ENTCAHT, ENTCALT = Enthalpy of Ca0, high and low temp.
o ENTMGHT, ENTMGLT = Eptha]py of Mg0, high and low temp.
é S : .ENTCHT, ENTCLT = Enthalpy of carbon, high and low temp.
’ ENTﬂZHT, ENTH2LT -= Enthalpy of hydrogen, high and low temp.
ENTCOHT, ENTCOLT = Enthalpy of C0, high and low temp.
ENTCO2H, ENTCO2L = Enthalpy of C02, high and low temp.

ENTO2  =. Enthalpy of oxygen to high (operating) temp.

0XC = Heat of combustion of C to €0, = 33022 kJ/kg C
0XCo -=. Heat of combustion of CO to CO2 = 9956 kd/kg CO
O0XH2- - = Heat of combustion of H2 to H20 =.125,7590 kJ/kg H2

HRFEOX = Heat of reduction of FEOX.to FE = 2654 kJ/kg FEOX
_HRSIO2 = Heat of reduction of SiO2 to [Si] = 18885 kd/kg [Si]

r ' HRMNO = Heat of reduction of M0 to [Mn]\='4770 ki/kg [Mn]
’ HRCO2 = Heat of réac;ion (Boudouard), C0, to €O = 3666 kd/kg CO,
. HDCAO = Heat of dissociation, CaC03 to Ca0 = 3007 kd/kg Ca0
Y HDMGO = ‘Heét.of dissociation, MgCO3 to Mg0 = 2917 kd/kg Mg0
2 HFSLAG = Heat of formation of slag = 1475 kd/kg SiO2
" HsC = Heat of solution of carbon in iron, kd/kg [C]

- .
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Silicon Partition Reaction

ACTLOG .
ACTLOGT
AETSI02
STLOGK
HMS T
FSILOG -
HCLOG

" HC

SILOG
SINEW

&

L]

fi

i

Logarithm of activity of $i0, in slag at 1550°C
Logarithm of activity of SiO2 in slag at operating temp.
Activity of_SiO2 in slag

Logarithm of Equilibrium constant, K
Hot metal silicon content, %

Si

Logarithm of activity coeff. of Si in iron
Logarithm of activity of C in iron

. Activity of C in iron

Logarithm of Si in iron
New value for hot metal silicon content, %

Manganese Partition Reaction

HMMN
HMSU

RDMNK

FMNLOG
FMN
ACTCMNO

Q2

Sulphide

Equilibrium constant, KM
-Logarithm of activity coeff. of Mn in iron

Hot metal manganese content, %
Hot metal sulphur content, %

n
Activity coeff. of Mn in iron

Activity coeff. of Mn0 in slag
Quotient 2 '

Capacity of Slag

BRAT10
CSLOG1S
CSLOGTC
CS

Basicity ratio of slag .
Logarithm of sulphide capacity at 1500°C fr

Logarithm of sulphide capacity at operating temp.
Sulphide capacity

s

.'Sulphur Partition Reaction

FSLOG
HS
SLSU
CLSU
Q-

)

Logarithm of activity coeff. of S in iron
Activity of sulphur in iron -
Sulphur content of slag, %

.Sulphur content of céa], %

Quotient 1 '

-

o iy ol
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Matrix for three Simultaneous Equations:

OREWT =_ Weight of ore, kg

CNEED = HWeight of carbon needed to satisfy chemical requirements
of reduction and solution, kg

A(3,3), B(3)

Matrix coefficients

CALL MAS005 = Library sub-routine to solve sim. eqns.
COALWT = HWeight of coal needed, kg
FXSTWT = Weight of silica flux needed, kg
"~ EXHT = Excess heat, kJ -
SLUT = Slag weight, kg ,
SLMgO = MnO content of slag, % ' )
FXALWT = Weight of alumina flux needed, kg
CAOWT = Weight of lime flux needed, kg
CACO3 . = Weight of CaCOy, kg
CO2WTCA = Height of CO2 from CaC033 kg

FXMGKT = Weight of magnesia flux needed, kg
FXMGCO3 -= Weight of MgCO,, kg
CO2HTMG = Weight of CO, from MgCO,, kg

CO2WT = Total weight of 002, kg

OXWT = Weight of oxygen needed for combustion, kg
HTCBCO = Heat from combustion of CO, kJ

HTCBH2 = Heat. from combustion of HZ’ kJd

HTCBC = -Heat from combustion of C, kJ

* HTFSLAG = Heat from slag formation, kJ

" HTCREAT = .Total heat generated, kJ
HTNEED . = Total heat required, kJ
EXHT ~ . = Excess heat, kJ' |




A7.3 Program Listing 2!53

g

JRU—— ) § (| SRR ) R A(353)aRBI3) ___._-

% READ(5,100). FE.. sORSI023O0RALQ3s ORMND

PROGRAM fS?(INPUT OUTPUT,TAPES= INPUT TAPEG=0UTPUT)

—— —— o * g ————— - —ne ~ea= e

N=1

REAN(S,100) COALCHFIXCyCOALH,COALO4CLSU,ASH
READ(54100) ASHSTIO2,ASHALOSI

READ(5,100) SLCAO,SLSI02,SLALO3,SLMGO
. READ(5,100) TEMPCHPREHIC

READ(5,100) HMWHT,HMC,HMSU
100 FORMAT(5F10.0)

o0

CORRFCTION FACTOR FOR EFFECTIVE CARBON UTILIZATION

EFF=0.92

FEOX=FE®*232./168.,
COALEO = COALD®28,/16,

CLSI02= ASH®*ASHSIO02/100. -
CLALO3= ASH¥ASHALO3/100. - °

o0 O

STARI _QF T:EMP LOOP

00 33 J=1500,1540,20
TEMPC=J

TK=TEMPC+273,
TPK=PREATC +273.,

c ENTHALPIFES AND- HEATS OF REAGTION ARE IN XTILO-JOULES PER KG

— e e

ENTFEHT=(484W0*TK -12650.)%4.184/232,
ENIFELT=(21.88%TPK_ +24, {E-03*TPK*¥2 -86606.)%4.18Ls232.

ENTSIHT=(14,41%TK +0,97E~03 *TK*¥2 -4455,)%4,184/60..
“ENTSILT=(11.22%TPK+4 AE-03*TPK¥¥242, TE405/TPK-4615.)1%4,184/60,

ENTALHT=(27.49%TK+1, 41E~03¥TK#%2+ (8, 38E+05/TK)-11132.)%4.184/102,
ENTALLT=(27. 49%TPK+1 . k1E-03¥TPK¥¥248,38E+05/TPK-11132,)%4,184/102,

ENTMNHT=(11.11%TK+0,97E-03*TK¥¥2+0.8BE+05/ FK-3694.) *4.184/71.
ENTMNLT=(11.11*TPK40.97E~-03*TPK*¥2+0.98E405/TPK-3694.)¥ 4,184/ 71s _

ENTCAHT=(11.67*TK+D. SHE-Q03*TK*¥¥2+41,56E405/TK-4051. ) ¥4, 184756,
" ENTCALT:(11.67*1PK+0,54E-03FTPK**241,56E+05/TPK-40514)%4.184/56,

CENTMGHT = (10.18*TK+0,87E-03*TK*¥241 . 4BE+05/TK~3609.) %¥4+184/40.3
_ENJMGLTE(lU.18‘13Kj0.875703“[25f*?j1,&8E+05/TEK-3609-Y*&.18#/#0.3A
ENTCHT ={4.,03%TK+0.57E-03¥TK**¥2+(2,04E405/1K)~1936,) %4 ,184/12..
et ENTCLT= (4 03%TPK40,57E=03*TPK**2+ (2, 04E+05/TPK)~19364)%4.184/12.
ENTHZHT=(6,52%TK+0,39E-03¥TK*#2-0,12E+405/TK-1938., V¥4.18472.
ENTH2LT=(6,52%TPK+0¢ 395 -03#TPK¥*2-0,12E+05/TPK-1938.) ¥4, 184/24

ENTCOHT=(5,73%TK$0,49E~ S03¥TKP*240. 116405/ TK-2105.) 54 .184/28,
ENTCOLT=(6.73%TPK+0, 4OE~035TPK*¥2+40,11E+05/TPK-2105.) %44 184728,
CENTCO2H=(10.537¥TK+1. 0GE-03¥TK¥¥ 2424006 +05/TK-39354) *4,184/4b.,
EMTCORL=(10457%TPK+41,05E-03¥TPR¥¥242,065+05/TPK~39364)%6.184/4k,
ENTO2=(7. 16'TK+0.)E 0I¥TK**2+ (0. QE+05/TK)-2313 ¥4, LBQ/SZ.

OXC = 33022, >

0XC029956. .
. J0XH2=125750.

HRFEOX=2554. T R ——— e
HRSI02=18885. . o

HIMNO=4770. | ‘ .
HRCOZ =3566.s \ '

HDCAQ =3007.

HOMGO =2917a
HF SLAG=1475.
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c
. C START OF CARBON LOOP "
DO 33 K=20,40,2
et i .. C=K . o e e

HMC=C/10. R
HSC= (G0, 44703 ¥HHC/2,) ¥4y 184/12,

__+ ¢ SILICON PARTITIONV REACTION *¥%% TQ_CALCULATE HMSI
ACTLOG=-0, 03?‘(SLCAO*SLALO3/2. /3,~SLSI02)-0465
06

A“TSIOZ 10 MACTLOGT
C

SILOGK=-28210./TK +15.42 [)
1

S M1 S e

HMSI=1.0 \ (f’ T

40 FSILOG=0. ned*Hmslig_zgiHucﬁ L B o
HOLOG=0.18%HMC4 0. 062% HMSI%ALOGid\HMC)
HC=(10, ®*HCLOG)

SILOG=SILOGK-FSILOG+ACTLOGT+2,0¥HELOG
SINEH=10,%*SILOG __
IF (ABS(SINEW-HMSI) LE. 2.E-3) GO TO B
HMSI=SINEW .~ S
IF(L-10) 42443443 )

L2 L=L+4

GO TO 40

! 43 WRITE(65339)
"7 330 FORMAT(32H1 HMSI FUNCTION 010 "NOT CONVERGE )
B HMSI= SINFN —_— —

C N
‘ C, _MANGANESE 2ARTITION REACTION

S 0o ROMNK= 10, #¥((-13980./TK)+8,83) -
i EMNLOG==-0, 070*HMC~0, 048%HMSY o
FMN= 10,%#FHNLOG : ) (’-
: ACTICMNO=1,10 -
Q22 ROMNK¥ACTCMNO¥0,0114%HC/FMN \m .
c : ‘

C SULPHIOE CARPACITY OF SLAG

BRATIO=(SLCAQ*0.7¥SLMGO)/(0.,94%SLSTO2+0.18¥SLALOQO3) ,
‘ CSL0G15=1, 39¥BRATIO-5.57 '

— . __ .. CSLOGTC=-0,00225%(1500,-JEMPC)+CSLOG15 .

CS=10.%**CSLOGTC: '

c .
HMMN=0,5
M= 1

c

-~ N

bLL"%UQ PAJTIT17V RZACTION
12 FSL0OG=-0,028%H4MSU+0,14%HMC+0, 063*HH51 0. OZG*HMMN

. HS=(1D.**FSLOG) *HMSU :
_kg SLSU=(10.%%((460./TK)43.35)) *HC*CS*HS
QL=CLSU/SLSU

g MATRIX FOR THREE SIMULTANEOUS EQNS
OREMT=(100 ¢ ~HMC-HMST ~HMMN~HMSU) *1, 38*HMHT/FFOX

CNEED= (HMWT* (HMC#0.858*HMS1+0. 218*HMMN)+0 207*0RENT*FEOX’/100.

L_+1C02KHT*0.273) e e e

/ A(iiii—(COALC‘EFF COALCO‘O 43)71080.

tr

©
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A{1,2)=0.0
Al1,3)=0,0_ _ _°

8(1)= cygen TR T
__At241)=(0LS102- Qi‘SLSIO’)“Z& /6000,

_AL2,2)=28./50.
A(2,31=0.0

8(2)=(HYWT*HMSTI ~ORENT¥ORSINZ2%¥28, /60.)/100.
A{3,1)=(0XCO*COALCO+0OXH2*COALH+HFSLAG*Q1*SLSI02

1 00XC4( OALC~”OALCO*O 43)- (ENTSIHT- EVTSILT)*CLSIOZ
_ 2 ={ENTA HI EVTALLT)*QLALQ3-(ENTCHT EQTCLT)‘(COALC COALCO*0. h3)

.3 - [ENTH2HT-ENTH2LT) *COALH~ (ENTCOHT=ENTCOLT)*COALCO
4 < ((ENTCAHT-ENTCALT)+HDCAO)¥Q1¥SLCAQ

5 -((FNTHGHT EVTMGLT)+HDﬂGO)*Q1*SLMGO

—&RNEMe LVALTL Ve,

7 -ENTOZ#(COAL"‘Z 67~ COALCO*l 141)/100.
AL3,2) 20,0

A{3, 3)*-1 0
8(3)‘(1QFEOX+(FNTFEHT ENTFELT)40.276%ENTD2-0.483¥0XC0)

*QREWT¥FEOX/100,
+(HRSIJ2+1. 14¥ENTQ2-2,0%0XCO) #HMH T *HMST/ 100, -

— e et sm e e - gy e e

+ (HRMND40,29¥ENT02-0. S1¥0XCO) *HMWT#HMMN/ 100
+(HRCbZ+(ENTP02H ENTCO2L) +9.73*ENTO2-1, 27*0XCO)4002NT

+ [HSC) *HMNT*HMC7100.
+ ({ENTSIHT-ENTSILT) *ORSIO02¢ (ENTALHT~ ENTALLT)*OQALOS

+ (ENTMNHT=ENTMNLT) #ORMNO) *OREWT/100 .
+10XC-2,67*ENT02) *CNEED

c:\Jo\vI: v -

CALL MA)UOS(Q By 39KS)
1°(KS)10,140,9

3 HRITE (6,320)
320 FORMAT(16H SIMQ HAS 0=ZERO )

10 COALMT=8(1)

- FXSINT=8(2)
EXHT=8(3)

SLNY=(Q1¥COALHT ~-HMHT*HMSU/SLSU

———— e e . = -

HMHN=OREWT*0.775%0RMNO/ (HMWT +04 775%SLNT/Q2)
CSLMNO=HMMN/Q2 ~

FXALWT= (SLWT*SLALO3-COALNT#*CLALO3~ ORENT*ORALOS)/iOU.
CAQWT=SLWT*SLCAO/100._ _
CACO3= CAONWT¥100../56,
CO2WTCA= CACO3*44./100,

e m e mm e —-—— .- - . PO

TXMEAT=SLMT*SLMGO/100.
FXMSCO3I=FXMONT®*34,3/36.3
COPWING=FXNGCO3%44,./584,3
CI2HT=CI24TCA+CO2UTMS
1E (M=3)14415,165

14 M=M+1 :

GO0 TO 12
45 OXNT (COALWT#(2,67*COALC+8.0¥CIALH~0.571%COALCO)

1 +0. 276*0RENT¥FEOX*HMWT*(1.14 IHMSI+0e29%4MMN)) 7100,

2 40.727¥CO2WT~2,. QNEEO

HI.CBCO=3XCO* ((OREWT®FEOX*0,483 +HMWT*HMSI*2.0 4HMNT‘HMHN*0.91

1 +COALCO*COALWT)/100. +CO2WT*1,27)
HICBH2=0XH2*COALNT*COALH/L00.

HT CBC= OXC’(COALNT‘(COALC*COALCb‘O 43)/100.-CNEED)

— [ —— hn i cemaa = R - -t - -— . e ., =

&

pevIae

e e e ————, o

| S — . s = e
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ATFSLAG=HFSLAG®SLWT*SLS102/100.
HTCREAT=HTCBCO+HTCRH24HTCBC+HTFSLAG _
. HTHEED=HTCREAT-EXHT

et SRR S R

. C

WITELG,290)FE +ORSI02,0RAL03, 0IMNO
200 FORMAT (22H1 IRON ORF CONCENTRATE,F8.1,

1 234 PCT IRON AS MAGNETITE /22X,F8.1,11H PCT STLICA 722X,F8.1,
2 124 PCT ALUMINA_,/,22%X,F8.1,9H PCT MNO_ )}

WRITE(6,213) COALC, FIXCyCOALH,COALO CLSU,ASH,ASHSID2,ASHALO3
210 FDRMAT(22H0 COAL_COMPOSTTION *** ,F8,1,17H PCT TOTAL _CARRON /_

o

1 22X,E8.1,17H PCT FIXED CARBON / 22X,F8.1,13H PCT HYOROGEN /

2 22X4FB8.1,41H PCT OXYGEN / 22X,FB841,12H PCT SULPHUR /

3 22X,F8.1,8H PCT ASH /22XyF8,1,16H PCT ASH SILICA /

b 22XyF8.1,17H PCT ASH ALUMINA_ )

WRITE(6,220) SLCAD,SLSI02,SLALO3,SLMGO

, 1 9H POT SI02/22X,F8.1,10H PC
= HRITE (6,240 TEMPC, PREHTC

f:§}263}7}éé§7?571;ﬁk'bcy MGO )

o ———— st et

240 FORMAT [14HO0 PROCESS TEMP ,F10.1,3H C
——1__/ 148 PREHEAT TEMP,F10.1,3H C ) __
WRITE(6,250) HMWT,HMC,HMSU .

250 FORMAT{22H40 _HOT METAL SPECS ¥%¥*¥,F7,1

1 FS.2y12H
WRITE(6,430) BRATID.CS,SLSU,SLMNO,ACTSI02

L 4H KG

BCT CARBON / 26X,F5. 3,12H PCT SULPHUR

/ 25X,

)

430 FORMAT(22HD SLAG BASICITY RATID
1 £9,276X312H SULPHUR PCT ,F7.3/6Xs12H MND
2 144 ACTIV OF SI02 4F6.3)
WRITE(64640) OREWT 4COALHT, CAQHT 4 CACO3 s FXMGHT

yF4.2/6X,18H SULPHIDE CAPACITY
PCT_sF7.3/6X,

2 FXMGCO3,y,

1

1 FXSIWT 4FXALHTyOXHT

440 FORMAT (17HO MATERIALS INPUT /4X,* ORE WY KG_ %,FBe1/
1 4Xy¥ CDAL AT KG *#,F8.1/
3 2 4Xe¥ FLUX WT KG_*/6X,¥ CAQ *,F6s15* OR AS CACO3 *Fbe1/

J 6Xy¥ M3 ¥ oFbsl,*
b 65X ¥ AL203 -¥.F01/4Xs* OXYGEN WY KG *yF6.1)

OR AS MGCO3 ¥,F6.1/76X,*% SIOZ2

* F6.1/

WRITE(B4450)ISLHT ¢ HMAT g HMCy HMST 9 HMMN s HMSUy EXHT
450 FORMAT(18HO MATERIALS OUTPUT /4X.* SLAG HT KG

1HTCREAT¢HTNEED
*sF8a1/

1 4Xy® HOT METAL HT KG *,F8.1/7X,% CARBON
L2 TXs* SILICON PCT * 1FB 427 7X,¥% MANGAN

4 2Xs* HEAT “REATED *,rlo 4/2Xy* HEAT NEEOED .
33 CONTINUE
L IFAN=6) 3034434
3 N=N+1 ) )
GO 1O 4 . :
3n STQP
END

v B s dieeie ke s

cm——

PCT *4F6.2/
PCT #4F6.2/7X%,
3 * SULPHUR PCT ¥,F7.,3/ 2Xs* EXCFSS HEAT X ILO~JOULES ¥#4E£104 4,

¥,E10.14)

= e cram——t




ORE COMCENTRATE
5.2 PCT

+2 PCT

PC1
PCT
PCT
PCY

 COMPOSITION #%¥® 8
. 5

——— emee - - -

8.1 PCT

2 PCT_

IRIN AS MAGNETITE
SILICA

ALUMINA
MNO

TOTAL CARBON
FIXED CARBON
HYDROGEN
OXYGEN

=W
s |o o & o

[o=R1AVEE R i o

PCY

54,5 PCT

. it i = o ———— - . — —— -

42.0 PCT

4.7 PCT_

3345 _PCT _

SULPHUR
ASH L
ASH SILICA

ASH ALUMINA

CAQ &

—3LAG COMPQSITION ¥%%
- 34s0 PCT

14.0 PCT
' 1500.0 ¢
25.0 C

~ PRICESS TEMP
PIEAEAT TEMP

.10.0 PCT_

S102
AL203
MGO

-.__HOT METAL_SPECS, *¥¥* 1000.0 KG
. 3.00

SLAS BASICITY RATIN 1.53

PCT CARBON
" T __+040 PCT SULPHUR

SULPHIDE CAPACITY .37E-03
__SULPHUR PCT _1.839 _ )
MND PCT. 109
 _ _ACIIV OF SID2__.068_
MATERIALS INPUT
IRE HT <G 1412.9
. GOAL WT KG __ 478.5 | . |
FLUX WT KG //
CAD 99.5__OR_AS CACO3 _177.6
MGOD 33,2 OR AS MGCO3  77.0 < '
S122 12,4 .
AL203 9.1
—_IXYGEN WT XG 772.8 L
_MATERIALS OUTPUT . o N
SLAG WT XG 236.8
49T METAL UT X6 100040
CARBON PCT 3.00
. SILICON PCT- 43 o
MANGAN PCT .20
.. SULPHUN pCTY 040 .

EXCESS HEAT,XILO-JYULES
HEAT NEENED 2 9660E+07

.3138£ﬁ07
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