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Reduction of iron ore fines in the Ifcon furnace 1

1 Introduction

1.1 Current status of the iron and steelmaking industry

Current world iron production comprises of 600 million tons per year (MTPY) of hot
metal and pig iron, 37.1 MTPY of direct reduced iron (DRI) and hot briquetted iron
(HBI), and approximately 2 MTPY of hot metal produced by direct smelting. Most hot
metal is produced in blast furnaces, which are operated in conjunction with mining
beneficiation plants, pelletizing plants, sinter plants, coke batteries, limestone plants,

oxygen plants, fuel gas plants and power stations(®,

Virtually all the steel in the world is either produced in an oxygen steelmaking
converter (such as a BOF, LD or OBM (Q-BOP)) or an electric arc furnace (EAF)®,
Most of these steelmaking equipment was built or rebuilt between 1955 and 1975.
The BOF and EAF were the best technologies available at that time to further process

blast furnace hot metal and relatively inexpensive scrap, into steel.

During the last three decades, more efficient blast furnaces, oxygen steelmaking,
continuous casting and hot metal- and ladle metallurgy practices were developed.
However, technology drivers are currently changing. At present, the most important

technology drivers are(?3%:

> Lower capital and fixed cost: The capital cost to value added ratio for
integrated steelmaking is the highest of any major industry. Existing facilities
are therefore expanded and renewed to optimise their useable life!*), Both
ore-based production and scrap-based production are accompanied by high
fixed, labour and raw material cost. Producers therefore tend towards lower
capital costs as well as lower and more flexible fixed costs.

> Energy and environmental: Environmental drivers are usually in response
to national or international regulation, with reduction of greenhouse gasses
and recycling of steelmaking waste materials the major drivers. The
reduction of energy consumption goes hand in hand with reduction of CO,
emissions. Although reduction of energy consumption may be limited (due to
the laws of conservation of energy), CO, emissions can be reduced by using
fossil fuels to replace electrical energy. Note that electrical energy is only

about 30-40% effective when considering production and transmission.
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» Flexibility: In order to be responsive to market conditions, steelmakers need
flexibility regarding raw materials, energy and production. Flexibility
regarding the use of scrap, hot metal, direct reduced iron (DRI), waste oxides
and iron carbide, and the substitution of coke with coal®, will allow the
producer to minimize input costs. The use of fossil fuel as well as electrical
energy will optimise the process with respect to energy, cost and productivity.
Finally, processes that can reduce or increase production economically will
enable producers to respond to market conditions.

» Competitive forces: New technologies need to be competitive with existing
technologies. The production cost of liquid steel therefore needs to be

reduced continuously.

Industry’s response to these technology drivers will probably result in incremental
improvements in existing technologies as well as in major developments in certain
areas (of which one is direct iron and steelmaking processes)®. During the next 20
years the blast furnace will continue to produce most of the iron requirements, while
direct reduced iron (DRI) could represent 20% of the virgin iron units by 2015,
Direct smelting may be commercialised, initially for treatment of waste oxides and to

supplement scrap or to increase hot metal in integrated plants®.

1.2 Direct reduction processes

Direct reduction processes are methods for reducing iron ore directly to metallic
iron”,  These methods bypass several of the steps currently used in conventional
steelmaking. Direct reduction processes can be separated into two major categories:

i.e. gas-based- and coal-based processes.

1.2.1 Gas-based DRI processes

Gas-based processes dominate the direct reduced iron (DRI) market, with shaft
furnace gas-based processes accounting for 94% of world DRI production. From
this, the Midrex process accounts for 70% (with 50 operational furnaces), the HYL
processes accounts for 23% (with 29 operational furnaces) while the Arex accounts
for approximately 1% (with 5 operational furnaces). The contribution of the Purofer
furnace is negligible!*’ while the Danarex process is still at pilot plant stage. The

major differences between these processes are the way in which reducing gas for the
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process is generated. The Midrex uses a natural gas reformer, the HYL uses a steam
reformer, and the Arex is based on direct injection of natural gas into a reduction
shaft. All of these processes require the use of high grade, sized iron ore lumps
and/or pellets as feedstock. Typical process parameters for shaft furnace gas-based
processes are shown in Table 1.

Table 1: Process parameters for shaft furnace gas-based processes ‘*'®,
‘_bara_ﬁi? "~ unit | Midrex| HYL | HYL e A |
’ , (shaft (self- | |
| process) ‘reforming) Arex LDanarex
| ore/pellets | t/tDRX | 145 | 145 | 142 | 145 | 142
I : B R E—— S e es
- Naturalgas | Gcal/t g 242 || 242 2.23 [2.2-24 ] 24
——— 4 - _J_,_ - = e ——
~ Oxygen Nm®/t | E 41 | 38

~ Pressure | atm T R R0
Metallization | % | 92-95 'l " 92-95 | 9295 | 92-95 | o1-94
e = — : SUNEN VS S - = IR

| %¢C in DRI % 1.0-3.5 || 1.2-4.5 1.0-5.0 1.8-2.0 1.0-4.0

~ Capital cost USD/t 125 § 170 I 140 \ ;

In addition to shaft furnace gas based processes are fluidised bed gas based
technologies such as the Fior-, Finmet-, Iron carbide- and Circored processes.
These processes were developed to use iron ore fines as feedstock and are mostly

multi-stage processes.

The Finmet process was derived from the Fior process (of which a plant is
operational in Venezuela). Two Finmet plants are currently operational: one at Port
Hedland, which was commissioned in 1999, and another that was commissioned at
Orinoco Iron C.A in 2000. The Finmet is a 4-stage process, operating at a pressure
between 11 and 13 atm, and temperatures between 550°C and 800°C. The main
problems encountered with this process were difficulties in achieving high degrees of
reduction due to temperature control as well as problems with briquetting of the
product.
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The Iron carbide process, which was developed by Hazen Research Institute, uses
iron ore fines to produce 80% FesC. The single vessel process is essentially a two-
stage batch process. During the first stage the ore is reduced at temperatures
between 570°C and 600°C with hydrogen (from a steam reformer), after which the
metal is carburised with methane. Although the design capacity of the plant was
300000 tons per annum (tpa), the Trinidad plant had an actual capacity of 120000

tpa and was therefore shut down in 1999.

The Circored process, which was developed by Lurgi and commissioned in 1999,
produces HBI from iron ore fines. For this, the process uses almost pure hydrogen,
which is produced in a steam reformer with natural gas as heat source. The process
comprises of two reduction stages, i.e. a circulating Fluidized bed as well as a fixed
fluidised bed. The Fluidized bed operates at 630°C and a pressure of 4 atm to
achieve between 92 and 93% metallisation. Due to the use of hydrogen as reductant
the carbon content of the product is virtually zero. Although the process uses readily

available ore fines, the operating cost of the process is relatively high.

1.2.2 Coal-based DRI processes

Coal-based DRI processes comprise the following:
» Rotary kiln based processes
» Rotary hearth based processes

» Fluidised bed based processes

The coal-based processes are less environmentally friendly than gas-based
processes, due to higher CO, emissions. The production of fine ashes containing
sulfur compounds, which requires treatment before disposal, is another potential

problem of these processes®.

Coal based DRI production is mainly accounted for by rotary kiln processes such as
the SL/RN process (with commercial plants in South Africa, India and New Zealand),
the Davy process (with commercial plants in South Africa and China), and the Accar

process (with a commercial plant in Norway).
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The SL/RN process is schematically shown in Figure 1

Figure 1: Schematic illustration of the SL/RN process'"

Rotary kilns (such as the SL/RN) typically have capacities ranging between 150000
and 200000 tpa. These processes charges lump ore, pellets and fines (1.42 t/t HBI),
fine coal (0.85 t/t HBI) and limestone and dolomite (mainly for sulphur removal) into
an inclined kiln that rotates at speeds less than 1rpm. The ore is dried, pre-heated
and reduced as it moves along the length of the kiln. Between 92 and 93 %
metallization of the iron ore is achieved within 14 hours, due to solid state reduction
in the composite bed. The heat for reactions is provided by combustion of coal and
part of the CO and H, that evolves from the reduction reactions, as well as from air-
fuel burners. The process is operated at atmospheric pressure in the temperature
range 1000°C to 1100°C. At the discharge end DRI is separated from char and ash to
yield metal with a carbon content of 0.5% and sulphur content less than 0.02%. The
major weaknesses of the process are the high capital cost, limited plant size, possible
environmental impact, complex handling procedures at the exit end of the kiln and
quality limitations of the DRI due to the presence of sulphur and gangue.
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Rotary hearth coal-based processes include the Fastmet, Inmetco, Comet,
Primus, IDI, Redsmelt and Itmk3 processes. The Fastmet process is schematically

shown in Figure 2.
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Figure 2: Schematic illustration of Midrex’s Fastmet process®).

In the Fastmet and Inmetco processes, pellets containing ore fines (1.34 t/t DRI) and
coal fines (0.38 t/t DRI) are charged onto a rotary hearth where they are dried, pre-
heated and reduced in the solid state. Carbon in the agglomerate is the reductant,
with various air-fuel burners providing heat for the reactions. The process is
operated at atmospheric pressure in the 1200°C to 1350°C range. 92% Metallization
is achieved within 12 to 15 minutes to produce metal with a carbon content between
1.5 and 5%, and sulphur content between 0.12 and 0.2%. The design capacity
regarding iron production is 450000 tpa. However, the two operational plants that
were commissioned in 2001 at Kobe steel (for processing of waste oxides) have

capacities of 50000 tpa.

The Comet process is similar to the Fastmet and Inmetco processes, but ore and coal
fines are charged as discrete layers. Since the excess char and ash can be removed
from the final product, the DRI produced has lower carbon (0.5 to 0.7%) and sulphur
(0.02 to 0.06%) content.

The fluidising bed coal-based Circofer process (developed by Lurgi) is similar to
the Circored process. The difference however is that instead of using natural gas,

the process uses gas generated (at 1000°C in a gasifier) from coal. The main inputs
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to the process consist of iron ore fines (1.42 t/t HBI), coal (0.8 t/t HBI) and oxygen
(205 Nm?3/t HBI). The iron ore fines (in the size range 0.03 to 1.00 mm) are pre-
heated to between 800 and 900°C and pre-reduced during the first stage in a
circulating fluidised bed, after which final reduction occurs in another fluidised bed.
The process produces 92 % metallized HBI with carbon content about 2% and

sulphur content less than 0.02%. The design capacity for this plant is 500000 tpa.

1.3 Direct Smelting processes

1.3.1 Two stage processes

Two stage direct smelting processes are processes such as the Corex, Finex; Hismelt,
AISI, DIOS, CCF (which is similar to cleansmelt), IDI, Redsmelt, Fastmelt, Inmetco

etc. These processes use an ore pre-reduction step followed by a smelting step.

Pre-reduction occurs either in shaft furnaces (Corex and AISI), fluidised beds (DIOS
and Hismelt), rotary hearth furnaces (Redsmelt) or melting cyclones (CCF). In these
processes, ore is charged to the pre-reduction furnace where off gas from the smelter
unit is used for partial reduction of the ore. The partially reduced ore, coal, fluxes,
oxygen and/or air are fed to the smelter unit, containing hot metal and slag. The
furnace is operated at a pressure of 4 atm with the temperature of the pre-reduction
shaft and smelter approximately 900°C and 1500°C respectively. Since the cleaned
product gas from these processes has considerable value, the gas is either consumed

as fuel for the plant, utilised in direct reduction plants, or used to produce electricity.

The Corex process (developed by Voest Alpine) is schematically shown in Figure 3.
This is the only smelting reduction technology in commercial use, with four of the

five plants currently operational.
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Figure 3:  Schematic illustration of the Corex process',

Typical consumption rates for the Corex are as follows: lump ore and pellets:1.48 t/t
hot metal (HM), coal: 0.98 t/t HM (of which 10% is usually coke) and limestone:
0.242 t/t HM. The carbon content of the metal produced is typically 4 to 5% and the
sulphur content between 0.05 and 0.1%. The slag typically has a Ca0/SiO, ratio
between 1 and 1.3, with a FeO content between 1 and 2. Typical production rates
are between 600000tpa and 1.1 MTPY. The major weaknesses of the process are
high capital cost, limited size compared to blast furnaces and the need to utilize off

gas to be competitive.

1.3.2 One stage processes

One stage direct smelting processes are processes such as the Romelt (also
Vanyukov), Technored, Ausmelt and Ifcon® The Romelt process is schematically

shown in Figure 4.
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1- foaming slag; 2- siphon for hot metal; 3- siphon for slag; 4 — refractory lined
hearth; 5 — orifice; 6 — feed hopper; 7 — flue gas duct; 8 — lower tuyeres;
9 — upper tuyeres; 10 — calm slag; 11 — water-cooled panels

Figure 4: Schematic illustration of the Romelt process‘®.

In Romelt and Ausmelt processes, lump or fine ore, coal and fluxes are charged
directly into the smelter containing hot metal and slag. The Romelt process uses
tuyeres located in the vessel sidewalls for air/oxygen injection, while the Ausmelt
(which was developed for non ferrous metals) uses a top lance system. Fine coal is

also injected through the lance in the Ausmelt process.

The Romelt process consumes 1.5 to 2.0 tons of iron ore fines, 0.8 to 1.1 tons of
coal, 0.1 tons of limestone, 850 to 1100 Nm? of oxygen and 450 to 700 Nm? of air to
produce a ton of hot metal. The hot metal contains 4 to 5 % carbon and 0.025 to
0.05 % sulphur, while the slag produced has a CaQ/SiO, ratio between 1 and 1.3,

with a FeO content between 1.5% and 3%.

The Technored process (which is shown schematically in Figure 5) uses unfired
green pellets (1.5 to 1.6 t/t HM) and coal (0.74 t/t HM) to produce hot metal with

carbon contents between 3.5% and 4.5%, and sulphur contents between 0.05% and
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0.1%. The slag produced has a CaQ/SiO, ratio between 1 and 1.3, and a FeO

content of approximately 0.5%.

Tecnored Pellets Charge

Solid fuels ————— l ~ Solid fuels  Solid fuel is charged
charge charge around the upper shaft

Boudouard reaction on fuel
(CO+C=2C0)
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burns CO for the preheating
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Post-
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Figure 5:  Schematic illustration of the Technored process‘®.

While other direct smelting processes produces either hot metal or high carbon steel,
the Ifcon® process'® produces liquid crude steel with carbon content +0.05 %, and
phosphorus content £0.007%. Other advantages of the process is that it uses ore
fines, non-coking coal, and unburnt fluxes (dolomite and limestone) as feed
materials. Energy for the process is supplied as a combination of fossil fuel and
electrical energy, thereby reducing the electrical energy consumption significantly.
The disadvantages of the process are the relatively slow production rate, and high
sulphur content £0.1 % combined with high oxygen content of the bath. Although
the original plant was a horizontal cylindrical vessel, the current reactor is a vertical

cylindrical vessel, as shown schematically in Figure 6.

10
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Figure 6: Schematic representation of the current configuration of the

Ifcon® furnace.

1.4 Process description of the Ifcon® process

The feed material is a composite mixture of iron ore fines, coal, dolomite and
limestone. The material mixture is fed from the top of the furnace, through the
freeboard, onto a solids bed. The solids bed, which floats on top of the metal bath,

covers most of the planar surface of the bath.

The bath is heated from below with induction heaters. Molten metal and slag are
tapped intermittently through tapping spouts, by tilting the vessel.

Combustible gasses (such as CO and H;)!'” are released into the freeboard, from the
solids bed. Additional heat for the process is provided by post-combustion of these

gasses with oxygen enriched air.

The amounts of ore and coal fed into the furnace, is controlled in such a way that

there is always a slight excess of iron oxide in the slag. This means that the burden

11
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at the bottom of bed is almost depleted of carbon. This results in the production of

low carbon crude steel.

The Ifcon® process can be divided into three characteristic horizontal zones: the
freeboard, the solids bed and the liquid bath, which are schematically shown in

Figure 7. The main material and energy flows are also indicated in the figure.

Ore
Coal
Dolomite v

Limestone

FREEBOARD 4 BLAST MIXTURE
Oxygen

Air

FEED MATERIALS ’ I FURNACE OFF-GAS

SOLIDS BED

TAP

Liquid steel
Liquid slag
INDUCTION HEATING
Figure 7: Schematic representation of the Ifcon® process, indicating

the most significant mass and energy input and output streams.

1.4.1 The Freeboard

The main purpose of the freeboard is to generate heat by post-combustion of process

gasses and other combustibles. This is achieved with oxygen-enriched air.

The heat generated is transferred to the upper part of the solids bed, where it is used

to drive the overall endothermic reduction reactions.

The rate at which heat is generated for a specific air oxygen mixture is mainly
determined by the rate at which combustible gasses evolve from the solids bed and

the degree of post-combustion achieved in the freeboard(!**2:13),

12
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1.4.2 The solids bed

The heat generated in the freeboard of the furnace is transferred to the upper part of
the solids bed, mainly by radiation. This heat is used for heating material at the top
of the bed. As this material reaches temperatures in excess of 700°C, the carbon
gasification (or Boudouard) reaction sets in, and reduction of the iron oxides
commences™®. During heat-up, several other endothermic reactions occur, such as

drying, devolatilization, and calcination of dolomite and limestone.

The temperature in the upper part of the solids bed is determined by the rate at
which heat is transferred to (and into) the bed, as well as the rate at which heat is

used to drive the endothermic reactions in the bed‘?).

Since bulk melting does not occur in the top part of the bed*>'®), reduction in this
area occurs mainly as solid-state reduction. (Solid-state reduction implies solid
metal oxide being reduced with solid carbon, but with CO as intermediate gas.) The
area is therefore referred to as the “solid-state reduction I” zone. The amount of
liquid in the top part of the bed should be low enough, not to influence the solid-

state reduction kinetics significantly(*>16),

The atmosphere inside the solids bed is reducing, as opposed to the freeboard gas,
(16)

which is oxidizing
Under steady state conditions, the bottom layer of the solids bed is continuously
melted. Since material is fed to the top of the solids bed with the simultaneous
melting of the bottom layer, the thickness of the solids bed remains constant. This
implies that the process is operated with material continuously descending through
the bed. As the original top layer of material descends through the solids bed, the
material cools as a result of the endothermic reactions. This eventually results in the
ceasing of reactions, hence creating a “dead” zone in the bed. In this area, the
temperature gradient through the bed is negligible and reaction rates are very

slow(10),

Below the dead zone, the temperature of the solids bed gradually increases, due to
heat transfer from the bath below the bed. In this area, the endothermic calcination,
Boudouard, and reduction reactions recommence. At temperatures below the

temperature where bulk melting of the feed mixture occurs, reduction occurs as

13
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solid-state reduction. This area is therefore referred to as the “solid-state reduction

II” zone.

This study will investigate reduction occurring in the solids bed.

1.4.3 The molten bath

As the material at the bottom of the solids bed is heated to a temperature exceeding
the liquidus of the slag, bulk melting of the material (as well as dissolution of solids
into the slag) occurs. It is therefore expected that reduction, in this area, will occur
as liquid-solid-state reduction. (Liquid-solid-state reduction implies reduction of
molten metal oxide (which is dissolved in a slag) with carbon, which is either solid or
dissolved in the metal, with CO as intermediate gas.) The mixing reaction regarding
slag formation, as well as the reactions between metal and slag, is also expected to
occur in this zone*®, This is where final reduction and melting of bed material

occurs and is referred to as the “final reduction and melting” zone.

Electrical energy input to the bottom of the furnace is required to supply energy for
the reduction reactions occurring in the “solid-state reduction II"” and “final reduction
and melting” zones. Electrical energy is also required for melting of the slag and
metal produced. The metal bath acts as a transport medium for this energy‘'®. The

bath also serves as a reservoir for the produced metal and slag.

The slag chemistry of the process is controlled by changing the feed mixture. Slag-

metal equilibrium is however not achieved”.

By considering the discussion above, the process can be re-divided into six zones, as

shown in Figure 8.

14
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Figure 8: Schematic representation of the IFCON process, indicating the most

significant mass and energy input and output streams

1.5 Hypothesis statement

During the first Ifcon test work*® 80% reduction was achieved in the upper part of
the solids bed, at a feed rate of 135 Fe/m?/h (which corresponds with a production
rate of 56 kg Fe/m?/h). During pilot plant trails, crude steel was produced at a rate
of 100 kg Fe per m’ (scaled to the planar surface area of the bath). Additional
investigations*®'%1% showed that approximately 30% reduction was achieved (as
solid state reduction) in the “solid state reduction 1" zone of the solids bed. At the
time it was assumed that the rate of reduction was controlled by a combination of
the rate of heat transfer from the freeboard to the solids bed and the rate of the
gasification reaction. It was also assumed that volatiles did not contribute to the

reduction reaction in the solids bed'**.

15
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Regarding the bottom of the solids bed, it was assumed that final reduction (up to
80% reduction) was achieved as solid-state reduction. The reduced burden was then

melted, to form slag and liquid metal.

1.5.1 Objective of this study

This study aimed to test the assumptions stated abowve, by investigating the
following:

> Is the rate of reduction in the solids bed influenced by the rate of heat
transfer to the solids bed ?
Is the rate of reduction in the solids bed influenced by the reactivity of the

A4

coal ?

Is the rate of reduction in the solids bed influenced by the reducibility of the

AT

ore ?

Does volatiles contribute to the rate of reduction in the solids bed ?

¥

Is final reduction (up to 80%) achieved as solid-state reduction at the bottom

A"

of the solids bed, when producing at a rate of 100 kg Fe per m* of planar bath
surface area, per hour ?
 If final reduction is not achieved as solid-state reduction, at a rate of 100 kg

Fe/m?/h, what is the extent of reduction achieved as solid-state reduction ?

Ifcon® is a very complex and integrated process, which cannot be duplicated in a

single laboratory experiment. The investigation was therefore done in two phases.

1.5.1.1 Phase 1: Rate determining step investigation

The main aim of the first phase of this investigation was to determine the optimum
feed materials (and criteria for the selection of optimum feed material} for the “Solid-
state Reduction 1" zone. From literature, it was not clear what the rate-determining
steps are during reduction in a solids bed {comprising of ore coal and fluxes). The
influence of changes to specific material characteristics and process parameters on
the extent of reduction achieved in a mixed solids bed was therefore determined

experimentally.

16
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Process parameters that were varied included:

» Ore type (to achieve changes to the reduction rate constant).
» Coal type (to achieve changes to the Boudouard rate constant).

» The temperature to which the material mixture was exposed.

A modelling approach combined with experimental results was used to do the

investigation.

Note that the accent of this study was to confirm whether specific process
parameters influenced the rate of solid-state reduction of a composite material

mixture, and therefore results were more of a qualitative, than quantitative nature.

1.5.1.2 Phase 2: production rate investigation

The second phase of the investigation focussed on solid-state reduction at the
bottom of the solids bed. The main objective of this phase of the study was to
investigate the extent to which final reduction occured as solid-state reduction at the
bottom of the solids bed. Secondary objectives were to back calculate the heat
transfer coefficient in the solids bed and to determine the rate at which final
reduction can be achieved as solid-state reduction (in the solids bed of the Ifcon®
process). For this, a modelling approach combined with experimental results was

also used.

17



<

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA Reduction of iron ore fines in the Ifcon furnace 18
YUNIBESITHI YA PRETORIA

2 Phase 1: Rate determining step during solid state reduction

2.1 Solid state reduction in a mixed bed: Theoretical aspects

2.1.1 Basic reactions and thermodynamic considerations

When a composite material mixture (such as the material mixture fed into a rotary
kiln- or Ifcon process) heats up to temperatures in excess of 100°C, drying of the
mixture occurs and devolatilization of the coal®? is initiated. Once the temperature
of the material increases beyond 300°C, the rate of devolatilization increases

(21,22)

significantly Devolatilization products (such as CO and H,) initiate reduction of

iron oxides®®, according to the following reaction:
FexOy (s) + CO (or Hz)(g) = Fe,Oy.1 (s )+CO; (or (H,0)(g) (2.a)

At temperatures above 306°C**) calcination of the magnesite component of the

dolomite occurs according to the following reaction:

MgCOs(s) = MgO(s) + COy(g) (2.b)
As the material is heated to temperatures in excess of 700°C(** the carbon
gasification (or Boudouard) reaction sets in, and reduction of the iron oxides with CO
proceeds /1%,

CO,(g) + C(s) = 2CO(qg) (2.0)
In addition to the Boudouard reaction, carbon can also be gasified by water vapour to
produce hydrogen gas. This reaction, which is called the water-gas reaction, is
shown below.

H20(g) + C(s) = CO(g) + Hz (9) (2.d)

(This part of the study aims to test whether the hydrogen produced, contribute to the

reduction reaction).

18
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At temperatures above 895°C calcination of calcite (limestone) occurs according to

the following reactiont,
CaCO0s(s) = CaO(s) + COy(g) (2.e)

Note that the overall reduction reaction (when combining equations 2.a and 2.c) is

as follows:
Fe, Oy (s) + C(s) = Fe, 0y, (s )+CO (g) (2.f)

To study the various reduction steps, equation 2.a can be subdivided into the

following equations:

Reduction of hematite with carbon monoxide (or hydrogen):
3Fe;045(s) + CO(or Hy)(g) = 2Fes304(s) + CO,(or H,0)(g) (2.9)

Reduction of magnetite with carbon monoxide (or hydrogen) below 564°C:
Fes;04(s) + CO(or H,)(g) = 3Fe(s) + CO,(or H,0) (g) (2.h)

Reduction of magnetite with carbon monoxide (or hydrogen) above 564°C:
Fes;04(s) + CO(or Hy)(g) = 3FeO(s) + CO,(or H,0) (g) (2.1)

Reduction of wustite with carbon monoxide (or hydrogen):
FeO(s) + CO(or H;)(g) = Fe(s) + CO,(or H;0) (g) (2.3)

1) the equilibrium iron oxide

From the thermodynamic data of Kubaschewski et alf
diagram (in a CO/CO, atmosphere) and carbon stability diagram'” is constructed (as
shown in Figure 9). The equilibrium iron oxide diagram (in a H,/H,0O atmosphere) ”

is shown in Figure 10.
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Figure 9 shows the extent to which reduction of iron oxide with CO, and the
oxidation of carbon with CO,, will tend to proceed, while Figure 10 shows the extent
to which reduction of iron oxide will tend to proceed with H, under specific

conditions. These diagrams also indicate the stable phases that will be present at a

specific temperature and gas composition (with p., + pco, =1 for Figure 9 and

Pu, * Puyo =1 for Figure 10). Accordingly, at typical temperatures between 700°C

and 1400°C (in the solids bed of the Ifcon process) and anticipated CO/CO, ratios of

0.5 to 1.0¢%), the stable oxide phases will be wustite and iron.

2.1.2 Reaction mechanisms and rate controlling steps

To investigate the rate at which reactions occur, the reaction mechanisms must be
considered. According to the overall reduction reaction (2.f), iron oxide in the ore is

reduced by solid carbon to produce metallic iron and CO gas.

Although the overall reaction is between iron oxide and carbon, literature shows that
reduction predominantly occur via intermediate CO gas, rather than by direct contact

n(7,23,24).

between iron oxide and carbo The reduction mechanism for reduction

occurring via intermediate CO gas is schematically shown in Figure 11.

Bulk gas

co |
: CO
Heat flux COo \

Figure 11: Schematic representation of solid-state reduction via CO as

intermediate gas.
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Figure 11 shows that reduction is performed by the gaseous species CO, while the
product gas (CO,) is regenerated by the Boudouard reaction to carbon monoxide,
which in turn reacts with the iron-ore specie. Note that the average composition of
the gas, which evolves from such an ore-carbon mixture, will depend on the relative
rates of the reduction and Boudouard reactions. The same argument also holds
when reduction is achieved with H, while the product gas (H,0) is regenerated by the

water-gas reaction.

The individual reaction steps by which the overall reaction (presented in Figure 11)

proceeds are!”:?%);

a Diffusion of CO from the bulk gas to the iron oxide particle.
b. Diffusion of CO inward through the reduced product layer.
Chemical reduction reaction of iron oxide with CO gas.
Diffusion of CO, outwards through the reduced product layer.

Diffusion of CO, from the iron/iron oxide particle to the bulk gas.

~n o oa o

Diffusion of CO, from the bulk gas to the carbon particle.

Heat transfer to the carbon particle.

o

Chemical oxidation of carbon with CO,.

Diffusion of CO from the carbon particle to the bulk gas.

In order to quantify the rate of the overall reaction, each reaction step must be
quantified, or eliminated (as not being rate controlling). (This is finalised in the
second phase of this investigation.)

Of the above steps, a, e, f and i are mass transfer steps, and their rates can be
described by equations such as (2.k). If any one of these steps governs the rate of

the overall reaction, the reaction is mass transfer controlled.

The rate of mass transfer between the bulk of a phase and the interface with another

phase can be quantified with the following equation:

J = m(Coun-Cintertace) (2.k)
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where, 7 (with units: mol.m™2.s™?) is the flux of the given species towards an
interface, m (with units: m.s!) is the mass transfer coefficient, and C (with units:

mol.m™) is the concentration of the species.

Steps b and d are diffusion steps®>?®, and their rates can be described by
equations such as (2./). If diffusion governs the rate of the overall reaction, the

reaction is referred to as diffusion controlled.

The rate of diffusion transfer between the surface of a particle and the reaction

interface or site where the actual chemical reaction takes place, can be quantified

with the following equation‘®”:

article surface reacl terface
J — D[ P U 10N Interiac (2.|)

where J (with units: mol.m™2.s™*) is the flux of the given species towards an interface,
D (with units: m?.s!) is the diffusivity, Coarticle surface @Nd Creaction interface (With units:
mol.m™) are the concentration of the species on the particle surface and reaction
interface respectively and dx (with unit: m) is the product layer thickness or distance

over which the concentration gradient exists.

Steps ¢, and h are chemical reactions, and their rates are described by equations
such as (2.m)*®. If the rate of the overall reaction is governed by the rate of either
of the chemical reactions, the rate at which the chemical reactions occur must be
quantified.

For the general reaction

bB+cC & dD+ ek

where b, ¢, d, and e are stoichiometric coefficients of reagents B, C, D and E
respectively, the rate of the reaction is typically given by the following rate

expression:?®):

_ b IS _ b s J
J=k [(aB X ac )inl erface (aB X ac )equilibrium (2 m)

23
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where J (with units mol.m™?.s™") is the flux of one of the species (B, C, D or E) to or
away from the interface, a; is the activity of species /, and k is the reaction rate

constant.

If the gasification and reduction reactions have similar rates, they both would be
controlling.  This implies that neither of the two reactions would be at their
equilibrium values, but that a quasi-equilibrium would be established, somewhere

between these two equilibrium values.

When two of the above rate mechanisms (mass transfer, diffusion transfer or
chemical reaction rate) influence the rate of reduction, the overall mechanism is

referred to as “mixed control””.

Steps g is a heat transfer steps, and it's rate can be described by the rate of
conduction-, convection- or radiation heat-transfer. If the rate of the overall reaction
is governed by the rate of either of these steps, the overall reaction is heat transfer
controlled. Heat transfer control therefore occurs when heat for the reactions is
supplied at a slower rate than the rate at which the reactions consume the heat. The
rate of heat transfer depends on the heat transfer mechanism (i.e. conduction,
convection or radiation), which is influenced by the configuration of the material (e.g.
packed bed or fluidised bed). The rates of heat transfer are mathematically
expressed in (2.n) to (2.p)%%.

General rate expression for conduction heat transfer:

Theat source ™ L panicte
— k A el source particie (zln)
1 [ dx

General rate expression for convection heat transfer:

q = h A (Thea/ source Tparlirle ) (20)
General rate expression for thermal radiation heat transfer:
q = FE FG oA (Th‘:'m source T:artir'[e) (zp)
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In these equations, g is the heat flux (with units: W.m™), A is the area through
which the heat flux is transferred (with unit: m?), Theat source @Nd Tparicle are the
temperatures of the heat source and particle respectively (with units: K), k and h are
the thermal conductivity and convection heat transfer coefficients respectively, F, is
the emissivity function, Fg is the geometric “view factor” function and o is the Stefan-

Boltzmann constant (with a value of 5.669 x 10 W.m?2.K%).

2.1.3 Relevant studies

Various studies investigated the mechanisms and rate-determining steps during
reduction of composite iron ore-reductant mixtures (with graphite, coke, coal char
and coal used as reductant). During these investigations, the analyses of product
gas, the influence of reductant content and particle size, and the magnitude of the
apparent activation energy were used to evaluate the rate-determining step during
reduction. Most authors concluded that the rate of the gasification reaction governed

the overall rate of the reaction®?,

2.1.3.1 Carbon gassification

For the reduction of ore-coal mixtures, Bryk and Lu®* noted that the overall
reduction rate is controlled by the oxidation of carbon at temperatures below
1100°C, while at higher temperatures the reaction rate is controlled by a
combination of the reduction and Boudouard reactions. They also found that when
small coal particles were used (<150um), changes to the particle size did not
influence the degree of metallization achieved in 15 minutes, but increasing the coal

size beyond 150um decreased the metallization rate.

Shivaramakrishna®", who reacted composite peliets in a bed of coal between 950°C
and 1050°C, concluded that the Boudouard reaction governed the overall reduction
reaction. Note that the Boudouard reaction is highly endothermic and may be limited

by heat transfer limitations.

Fruehan®? showed that the reactivity of different carbon sources differs from one
another. Different authors used different types of carbon sources including coconut
charcoal, coal char, petroleum coke, and graphite, but a clear correlation between

activation energy and type of carbon was not found33:34:3%),
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The activation energies for gasification of carbon with CO, mostly ranged from 215 to
310 kI/mol®®, while the activation energies for gasification of carbon with steam
ranged from 120 to 245 kJ/mol?,

2.1.3.2 Reduction reaction

i®® measured the CO/CO, ratio of the product gas when

Srinivasan and Lahir
composite pellets were reacted. They found that the CO/CO, ratio decreased with
decreasing carbon content of the pellet, thereby changing the rate controlling

reaction from carbon gasification to wustite reduction.

Reported activation energies for reduction of FeO with CO usually ranged from
116kJ/mol to 151 k3/mol®”, while the activation energies for reduction of Fe,03 and

FeO with H, was mostly reported as 64-74 kl/mol and 52-77kJ/mol respectively®

Sun and Lu®®® developed a mathematical model to describe the non-isothermal
reduction of magnetite-coal mixtures. For reduction with CO and H,, they found
activation energy values in the ranges 65 - 74 kJ/mol, and 61 - 69 ki/mol

respectively.

2.1.3.3 Temperature and Heat transfer
Bryk and Lu‘*” reacted large masses of ore-coal mixtures at 900°C, 1100°C and
1300°C. From their results, they concluded that heat transfer to the sample as well

as conduction within the sample affected the reaction kinetics significantly.

Huang and Lu®® reacted ore-coal mixtures at 1200°C in a muffle furnace. Their
results suggested that heat transfer limited the kinetics of their system, due to the

heat demand from endothermic reactions occurring in the mixture.

In an experiment, similar to that of Huang and Lu, Sun and Lu®**® found that heat
transfer to, as well as conduction within, the material mixture was rate limiting due
to the endothermic nature of the reactions. They also concluded that heat transfer
within the solids bed was mainly due to conduction, rather than convection or

radiation, for furnace temperatures below 1300°C
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Wang et al."*?) inferred from heat transfer and kinetic calculations that, during fast
heating, reduction rate of composite pellets is initially controlled by the chemical

reduction reaction, where after the rate is controlled by heat transfer.

2.1.3.4 The influence of volatiles

Wang et al.""? reduced composite ore-coal pellets and noted that significant
devolatilisation only started at 400°C. They also found that volatiles significantly
influence the rate of reduction at temperatures above 700°C. Similar results were
also obtained by Dutta and Gosh®®, Dey et al.“*®, and Shivaramakrishna et a/.®%)
Dutta and Gosh proposed an explanation for the reactions occurring, and noted that
devolatilisation of coal in an iron-coal mixture is different to devolatilisation of

unmixed coal.

Sun and Lu®, Sharma®“®, Huang and Lu‘*® and Bryk and Lu** all observed some
contribution of volatiles to the reduction of iron ore in a packed bed. Bryk and Lu®*
showed that when coal was replaced with graphite, the rate of metallization of iron

ore composites at 1150°C decreased.

Coetsee et al.®® modelled the reduction of magnetite-coal pellets, and predicted that

volatile matter contribute to reduction of pellets.
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2.2 Experimental aspects

A thermo gravimetric study was done to investigate the influence of changes to feed
material characteristics and exposure temperature, on the reduction rate of
composite material mixtures. The experimental apparatus mainly comprised of a

high temperature tube furnace and associated gas flow rate control system.

2.2.1 Experimental apparatus

2.2.1.1 High temperature furnace.

The tests were performed in a vertical tube resistance furnace. A mullite tube (one
end closed) of 60mm inside and 70mm outside diameter, served as work tube. The
furnace was heated by eight silicon carbide heating elements and the furnace was
equipped with a PID (proportional integral derivative) controller, for furnace
temperature control. A schematic representation of the furnace arrangements is

shown in Figure 12.

A water-cooled brass ring was fitted onto the open end of the work tube. The
interface between the brass ring and the work tube was made gas tight with two

rubber O-rings and vacuum grease.

Purge gas entered the work tube, through an alumina tube (that extended through
the brass ring). Product-gas exited the furnace through a copper tube, which also

passed through the brass ring

A mullite 3A crucible with inside diameter of 32 mm and outside diameter of 35 mm,
and height 50 mm was used to contain the sample. (The dimensions of the crucible
were chosen to ensure that the sample was representative of the bulk material®®.)
The crucible, which was contained in a molybdenum basket made from 0.5mm
molybdenum wire, was suspended from a scale with a molybdenum wire of 2mm
diameter. The crucible was lowered into the work tube by lowering the scale (which

was contained in the scale car). A DC drive was used to lower the scale.
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Figure 12:

Schematic illustration of the TGA furnace configuration.
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During lowering of the scale, the stainless steel tube below the scale car (of 28mm
inner and 31mm outer diameter and length of 520 mm) slid into a brass casing that
was clamped onto the brass ring. Two rubber O-rings and vacuum grease ensured a
gas-tight seal between the stainless steel tube and brass casing. A rubber O-ring
ensured a gas-tight seal between the brass casing and brass ring. The casing could
be removed from the brass ring, thereby providing access to the work tube for

loading and removal of samples.

2.2.1.2 Gas system
The work tube and scale car assembly was continuously purged with Argon. A
schematic diagram of the gas preparation and control system, (including gas lines,

purification trains, connecting gas-lines and stopcocks) is shown in Figure 13.

The gas passed through Drierite (CaS0.) to remove excess moisture. The argon was
further purified by passing through copper turnings in a fused silica tube, which was
heated to 600°C. The copper turnings have a large surface area and react with
excess oxygen in the gas, to form copper oxide. The copper was periodically

replaced.

From the copper turnings the gas line split into three separate gas lines. They were:
a line leading to the work tube, a line to the scale car and a line to the brass casing.
The gas line to the work tube was used for flushing of the tube, while the line to the
brass casing was to assist with cooling of samples after testing. The gas fed to the
scale car forced downward flow of gas in the stainless steel tube and brass casing,
thereby protecting the scale from furnace gasses and soot. The flow rate of the argon
through each line, was measured with a calibrated rotameter, thereby enabling
control of the flow rate of the gas supplied to the furnace. (Calibration of rotameters
are discussed in Appendix A.1.) From the rotameters, the gas line led directly to
the work tube, brass casing and scale car. Gas lines, which by-passed the
rotameters, were included in order to flush the furnace assembly at high gas flow

rates, prior to each test.
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Figure 13: Schematic illustration of the gas preparation and control system
for the TGA.

The exit gas line from the work tube was divided into three lines. One line lead to a
bubbler, one to a vacuum pump and the third was a bypass, which lead directly to

the extraction hood.

Oxygen entering the reaction tube assembly, could result in oxidation of species
associated with the sample mass. Accordingly, leaking of air into the system had to
be prevented. In addition, poisonous CO was produced during the test. All the gas
that exited the system therefore had to be extracted in the gas extraction system of

the laboratory for safe expulsion.
Gas-tightness of the furnace tube was checked by applying a vacuum of 15 mm Hg

and noting the stability of the vacuum with time, as measured by a vacuum gauge.

A significant pressure-drop in a period of two minutes indicated a leak. Serious leaks
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could be found easily with a soap and water solution, but minor leaks were
sometimes not traceable by this technique. A Helium snifter probe, as used in
chromatography for leak detection, was obtained and minor leaks were detected by
flushing and pressurising the system with helium gas and then searching along the
gas-line for leaks with the snifter probe. In the event of a leakage, the relevant gas

line was dismantled and reassembled.

2.2.2 Experimental procedure.

2.2.2.1 Temperature control of the heat zone

The furnace temperature was controlled by a proportional-integral-derivative (PID)
controller. A Pt/Pt10%Rh (or type S) thermocouple, positioned in the hot zone of the
furnace, outside the mullite work tube, served as control thermocouple (as shown in
Figure 12). (The method used to determine the position of the hot zone of the

furnace, is discussed in Appendix A.2)

The temperature inside the work tube was measured with a Pt/Pt10%Rh (or type S)
thermocouple that was fixed to the brass ring, and positioned in the hot zone of the
furnace at the same height as the control thermocouple. For gas-tightness, the point
of entry of the thermocouple sheath into the brass ring, was sealed with silicone

rubber.

A minor difference was observed between the temperature measured by the control
thermocouple and the thermocouple inside the reaction tube. The difference was
about 2°C at 1100°C and 4-5°C at 1400°C, with the control thermocouple reading
higher then the temperature measured inside the tube. The temperature on the PID
controller was therefore set at a temperature that yielded the required temperature

inside the work tube.

2.2.2.2 Sample preparation

Each sample was made-up to test specific material characteristics. In order to
benchmark the influence of a material characteristic on the reduction rate, a
reference sample was used. The reference sample comprised of a material mixture
similar to that used at the Ifcon pilot scale facility that was erected at Kumba's pilot
plant. The reference sample comprised of Sishen iron ore fines, duff coal from

Eikeboom collieries, dolomite from Mooiplaas and limestone from PPC lime. The
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ingredients of the reference mixture are summarised in Table 2. The recipe of the

reference mixture was referred to as the “base mixture”.

Table 2: Ingredients of the reference mixture (base mixture recipe).

— —me————

o
|/

bré t\jpe Mass (g) Més;f";/o (%) ‘
éishen iron ore fines 27.8 69.5 )
| Eikeboom coal (-2mm) 7.3 18.3 [
| Dolimite 2.3 I o ol
| Limestone 2.7 i &% il

iz =i - A

Raw material preparation that was done is discussed in Appendix A.3, while the
chemical compositions of the various raw materials and analytical techniques used,

are presented in Appendix A.4 and Appendix A.5 respectively.

The base mixture as well as other test mixtures were all made up in such a way that
15 grams of metal could theoretically be produced from a sample, when 80%
reduction was achieved. The amount of limestone and dolomite added to each
sample was such that the CaQ/SiO; ratio of the inset material was 1.4 while the MgO
content of the slag species (that remained after 80 % reduction was achieved) would
be 8%. These numbers represent the characteristics of the feed mixture that was
used during trails done at the Ifcon pilot plant facility. This is discussed in more

detail in Appendix A.6.

Material mixtures, other than the base mixture, were made up so that one material
characteristic was changed for each consecutive sample. By doing this, the influence
of changes to a specific material characteristic, on the degree of reduction achieved,
could be determined. The degree of reduction achieved with each sample could
therefore be compared to the degree of reduction achieved with the base mixture (as

a function of time).
The various samples that were tested against the reference sample are listed in

Table 3. The changes made to material characteristics or operational conditions are

also indicated in the table.
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Table 3: Experimental program that was followed to determine the influence of

specific material characteristics on the reduction rate of the material mixture.

Sreemords . Test objective

1 Reference samples (made up according to the “base mixture”)
\ . were tested repeatedly under similar conditions to determine the
repeatability of results

\m T — e

i 2 ' Sishen ore was replaced with Thabazimbi ore (which has a hlgher
CO reducibility than Sishen ore) to investigate the influence of
changing CO reducibility of the ore on reduction rate.

3 A mlxture contalnlng Iarge Slshen ore partlcles was compared to a
mixture containing smaller Sishen ore particles.

e s e e

4 Eikeboom coal was replaced with Leeuwpan coal to mvestlgate the
influence of changing CO, reducibility of the coal

Im==s - T

5 | Coalwas rep[aced with char to mvestlgate the influence of volatile
matter in the material mixture on the reduction rate.

6 | Allofthe above tests were done at 1100°C and 1200°C to
determine the influence of varying exposure temperature on the
reduction rate.

2.2.2.3 Test procedure
Mullite crucibles (A3) were used to contain the samples. The crucible dimensions
were OD 35mm, ID 32mm and height 50mm, with inner height of about 48mm.

Prior to testing, the mass of each crucible was measured.

Each sample was intimately mixed, placed into a crucible, and the mass of the
crucible containing the sample was measured. The crucible was placed in a basket
that was made from 0.5 mm molybdenum wire, which was suspended from the scale

with molybdenum wire of 2 mm diameter.
Access to the reaction tube was obtained by lifting the brass casing from the brass

ring. During testing, the brass casing was fastened to the brass ring with quick-
release clams. To ensure that no carbon was lost during the initial stages of the test

34



\

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA ; i i ;
YUNIBESITHI YA PRETORIA Reduction of iron ore fines in the Ifcon furnace 35

(due to oxidation with air), the sample was inserted into the alumina work tube at a
position where the temperature in the tube was approximately 100 °C. The alumina
work tube was then fiushed with nitrogen for 2 minutes before the sample was

lowered into the constant heat zone of the work tube.

The crucible- assembly was lowered into the work tube, by lowering the scale car
with the DC drive. The crucible was lowered at such a rate that the crucible reached
its final position within 10 seconds. The crucible was lowered to exactly the same
height during each experiment. This was accomplished by installing a ruler next to

the rail of the scale car to measure the relative height of the scale.

The alumina work tube was continuously flushed with nitrogen (at a flow rate of 0.5
litre per minute) for the duration of each experiment. The system was operated at a
slight positive pressure by continuously bubbling the exiting gas through an oil trap
(or bubbler).

From the moment the crucible was inserted into the furnace the mass of the crucible
assembly (and therefore the rate of mass loss of the sample) was measured. Once
the rate of mass loss slowed down significantly, the sample was elevated from the
hot zone (into the brass ring) and left to cool to approximately 100°C (in an nitrogen
atmosphere) before being removed from the work tube. Finally the mass of the
crucible containing the reduced sample was measured and the total mass loss of the
sample was calculated and compared to that of the reference sample. Since the
analyses of the input materials were known, the apparent degree of reduction
achieved for each sample was calculated as a function of time, and compared to that
of the reference sample. Note that this is an apparent degree of reduction, based on
assumptions made during calculations. Assumptions made during these calculations

are discussed in Appendix A.7.
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2.3 Kinetic modelling of the TGA experiment

The model, which was developed by Pistorius et al.®®, was used to simulate
reduction of the TGA samples. The main assumptions and calculation procedure of

the model are presented below.

2.3.1 Sample configuration:

The model simulates heating of a composite sample similar to that of the TGA
experiment. The samples in the TGA experiment had cylindrical shapes (with
diameter of 32 mm and 45 mm high). However, in order to simplify heat transfer
calculations, the samples were modelled as spheres, so that heat flux in a sample
was one-dimensional towards the centre of the sample. The radius of the spherical
model-samples were taken as 20 mm, so that model samples and samples that were

actually tested had similar volumes.

Another advantage of modelling the samples as spheres (rather than infinitely long
cylinders) is that heat entering the samples through the top and bottom sides was

accounted for,

Spherical symmetry was assumed around the centre point of each sample, with the
solid- and gas temperatures assumed to be the same at a given position in the

sample(!5:39),

Each sample was divided into ten hollow spherical nodes (except for the centre node
which was a solid sphere). The thickness of each node was similar to the radius of

the centre node.
The total reaction time was divided into various time steps. A mass-and energy
balance was performed for each node during each time step, to yield the change in

temperature of the node as a function of time.

The equilibrium constants were found from simplified expressions*® fitted to the

equilibrium constants that were calculated with the data of Kubaschewski et.al.!*¥
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2.3.2 Heat transfer

Since the thermal conductivity of the crucible was about 6“7’ compared to a
conductivity of about 1 for the sample!!®, the effect of conduction through the
crucible was not accounted for. Heat transfer to the sample was assumed to be by
radiation only with the surface of the sample (crucible) having an emissivity of 0.8.

The rate of radiation heat transfer followed the expression©®%:

g =0e A(T¢ - T (2.9)

where g is the rate of heat transfer (in W), ¢ is the Stefan-Boltzmann constant, € is
the emissivity of the crucible (taken to be 0.8), A is the outer surface area of the
sample, T; is the furnace temperature, and Ts is the surface temperature of the

crucible.

Heat transfer inside the sample occurred as conduction as well as by bulk movement
of the gas®®. For this, the effective thermal conductivity was estimated with the
following relationship:

1-2e(k —1)/(2xk +1)

k, =k, (2.r)
I+e(xk —1)/(2x +1)

where e is the porosity of the sample, and Kk = ks / kg, where K is the average
thermal conductivity of solids in the sample, k4 is the thermal conductivity of gas in
the pores, and k. is the effective thermal conductivity of the solids bed. During each
time step, the sample porosity was calculated using known densities of the species

present!!®), The sizes of the nodes were assumed to remain constant with time.

The average conductivity of the solid phases in the sample was calculated, with the

following geometric mean expression: ©%
H 3
ks — Hkifi (2.5)
i=l

where f; is the volume fraction of the solids occupied by solid species i.
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Equations and constants that were used to calculated to conductivities of the solid

phases, are presented in Appendix B, 1.

2.3.3 Reaction rate expressions

2.3.3.1 Reduction reaction:

Stepwise reduction of hematite to magnetite, magnetite to wistite and wustite to
iron (above 564°C) or alternatively hematite to magnetite and magnetite to iron
(below 564°C) was assumed. Reduction occurred by CO and H; in parallel. (564°C
is the temperature where wustite becomes thermodynamically unstable when iron

oxide is reduced with CO, assuming unit activity for all species**).)

The reaction rates were assumed to be first-order with respect to all reactants, and

the rate expressions were as follows3%:

r=Ke Mre (1-F) (p; = pf"")/RT (2.t)

where r is the reduction rate (moles of O removed per unit time), kg is the reduction
rate constant (with units: m*® s* kg'!), M. is the mass of Fe per sample volume (with
units: kg/m?), F is the degree of reduction, p; is the partial pressure of reductant i (H,
or CO) (in Pa), p%" is the equilibrium partial pressure of the reductant, R is the

ideal gas constant, and T is the absolute temperature.

The rate constants were assumed to follow Arrhenius-type temperature dependences,

with constants presented in Appendix B.1.

2.3.3.2 Carbon gasification reaction:

Carbon gasification occurred by both the Boudouard-and the water-gas reactions.

The rate of the Boudouard reaction is given by:

rs = ks Mc (Pco, = Pco,"™"°)/RT (2.u)

where rg is the Boudouard reaction rate (with units: moles of C gasified per unit
time), kg is the Boudouard reaction rate constant (with units: m* s* kg'!), Mc is the

mass of carbon per sample volume (with units: kg/m?), Pco, is the partial pressure of

reductant CO, (in Pa), and pco,**" is its equilibrium partial pressure.
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The water gas reaction rate is similarly given by:
Fwg = Kwg Mc (Pryo = Prgo S /RT (2.V)

where r,g4 is the rate of the water gas reaction (with units: moles of carbon gasified
per unit time), and pyo is the partial pressure of H,O (in Pa), and puxo®®"™® is its

equilibrium partial pressure.

Expressions for equilibrium constants and enthalpies are presented in Appendix B.2
and Appendix B.3 respectively. Rate constants and activation energies used in the

model are presented in Appendix B.4.

2.3.3.3 Devolatilisation

Devolatilisation was assumed to occur in two steps (in series). Each step was
assumed to be first-order with respect to the amount of volatile matter remaining in
the coal™. The rate constants and activation energies for the two steps are given in
Appendix B.4. Each of the two devolatilisation steps was assumed to remove half

of the volatile matter.
Default conditions for the model calculations are presented in Appendix B.5.

Model predictions are presented in support of experimental results in Section 2.4.
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2.4 Results and discussion

2.4.1 Repeatability of results

Four tests were done with the “base mixture” to test repeatability of results. Two of
the tests were done at 1100°C and two were done at 1200°C. The sample masses
recorded from these tests are shown as black dotted lines in Figure 14. To ensure
that results were comparable, only the sample masses (excluding the masses of the
crucible and crucible basket) were reported. Note that the initial masses of the base

mixture samples were the same.

Figure 14 shows that the masses of the base mixture samples that were exposed to
1100°C for 20 minutes varied between 29.8 and 29.5 g, while the masses of the
samples that were exposed to 1200°C for 20 minutes varied between 27.5 and 27.6
g. The variation between results from similar tests were therefore less than 5% of
the difference between results from samples exposed to different conditions. This
was considered repeatable enough to obtain qualitative results. The apparent degree

of reduction was also calculated from these data (as shown in Appendix C.3 and ).

Mass loss vs time
(testing repeatability of results at 1100°C and 1200C)
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Figure 14: Masses of base mixture samples exposure to 1100°C and 1200°C

respectively as a function of exposure time, showing the repeatability of results.
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2.4.2 Influence of reducibility of ore on reduction behaviour

The model was used to predict changes to the degree of reduction when the
reduction rate constant was changed. Two simulations were done: the first to
establish a base line (with model inputs listed in Appendix B.1 to Appendix B.5),
and the second to simulate an increase of the reduction rate constant. The reduction

rate constant was increased with a factor of 10. Results are shown in Figure 15.

% Reduction achieved vs reaction time

100
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‘::: 80 +
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]
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time (s)

Figure 15:  Model prediction of change in degree of reduction achieved when the
reduction rate constant was increased by a factor of 10. (The model prediction for the
base mixture is shown as a reference (in black) with the model prediction for the

increased rate constant shown in red.)

From Figure 15, it is clear that an increase in reduction rate constant, increased the
degree of reduction achieved. This implies that the rate of reduction (of this specific
material mixture when exposed to 1200°C) is to some extent controlled by the

reduction reaction.

The extent of reduction achieved in the solids bed will therefore depend on the type
of ore selected.
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In order to quantify the extent to which reduction occurs (with a model), the rate

constants of the ore used must be determined accurately.

The reducibility index of Sishen fine ore was reported as 1.34 percent per minute
while the reducibility index for Thabazimbi fine ore was reported as about 1.49
percent per minute'®®, The rate of reduction of a material mixture containing
Thabazimbi ore was therefore expected to reduce at a faster rate than the base

mixture (containing Sishen ore).

When the mass loss of the mixture containing Thabazimbi ore (when exposed to
1200°C) was compared to that of the base mixture, the mass losses were similar for
similar exposure times. This implies that similar reduction rates could be expected
for mixtures containing Sishen ore and Thabazimbi ore. The mass vs time curves for

these tests are shown in Figure 16.

Mass loss vs time
(changing type of ore)
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Figure 16: Masses of base mixture samples exposure to 1200°C as well as
masses of mixtures containing Thabazimbi ore exposed to 1200°C respectively, as a

function of exposure time.

The reducibility of Thabazimbi ore is about 10% higher than that of Sishen ore. To
test the results, the influence of a 10% increase in the rate constant of the reduction

reaction was simulated. Results (presented in Figure 17) showed that after 10
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minutes, the mixture containing Thabazimbi ore achieved 39.3% reduction while the
base mixture (containing Sishen ore) achieved 39.0% reduction. This implies that
the extent to which reduction rate can be increased by increasing ore reducibility, is
limited.

% Reduction achieved vs reaction time
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L
© . n
© 40 + increase reduction rate constant 10%
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H
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o
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0 t t t t t
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Figure 17:  Model prediction of change in degree of reduction achieved when the
reduction rate constant is increased by 10%. (The model prediction for the base
mixture is shown in black as a reference with the model prediction for the increased
rate constant shown in red.)

To confirm repeatability of the test, two experiments were conducted with mixtures
containing Thabazimbi ore at 1100°C. Figure 16 shows that the two curves

obtained were similar, thereby indicating repeatability
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2.4.3 Influence of ore size on reduction behaviour

Figure 18 shows the reduction rate of a material mixture containing specific size

fractions, when exposed to 1200°C.
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(changing ore size)
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Figure 18: Mass losses as a function of time for base mixture as well as mixtures

containing various size fractions of Sishen ore during exposure to 1200°C

Figure 18 shows that the base mixture, the mixture containing -425 +212 pm
particles, and the mixture containing -2000 +1400 pm particles showed mass losses
of 13.4, 13.4 and 12.7 g respectively during the first 20 minutes, while the +4750 -
6300 pm particles however only showed 11.5 g mass lost during the same time.
This means that the mass loss achieved by particles smaller than 2000 pm, deviated
4.5% from the base mixture (after 20 minutes), while the +4750 pm deviated from
the base mixture by 14%. From these figures it seems that the reduction rate of
particles smaller than 2000pm was independent of particle size, while the reduction
rate of particles larger than 4750 um was slower. To investigate this, samples of
partially reduced ore (reduced at 1200°C) was set in resin, polished and investigated
with an optical microscope. (The method used for setting and polishing of the

samples is similar to the procedure discussed in paragraph 3.4.2.2.)
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Typical images obtained are shown in Figure 19 and Figure 20. Figure 19 shows a
“shrinking core” texture that was observed in some of the larger particles (+4750
pm). Most of the large particles and all of the small particles showed homogeneous
reduction occurring throughout each particle. (This is shown on the right-hand-side
of Figure 20). Figure 20 shows two adjacent particles in the sample, one with a

"shrinking core” structure and one with a homogeneous structure.

No correlation was found between the position of particles in the sample and the
particle texture (shrinking core or not). This implies that the tendency of the ore
particles to react according to a shrinking core, was a result of material

characteristics rather than sample configuration.
From the above it was concluded that the rate of reduction in some of the larger

particles (mostly larger than 4.7 mm), was controlled by the rate of diffusion of

gaseous species in the particle.
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Wustite

Metal

Particle showing a
shrinking core
texture

Homogeneously
reduced particle

Figure 20: Optical image of a polished section of adjacent particles that were
partially reduced. (+4750 um -6300 um ore particle) (Width of field of view = 2
mm.)
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2.4.4 Influence of type of coal on reduction behaviour

The CO; reactivity of coal is the rate at which carbon in coal is oxidised by CO; at
1000°C. CO; reactivity is expressed in terms of mass of carbon reacted per unit
time.

The influence of changing the CO; reactivity of a material mixture was modelled, by
changing the rate constant for the Boudouard reaction. The results from the model
are shown in Figure 21.

% Reduction achieved vs reaction time
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Figure 21: Model prediction of change in degree of reduction achieved when the
gasification rate constant is increased by a factor of 10. This is for a sample exposed
to 1200°C. (The model prediction for the base mixture is shown as a reference (in

black) while the model prediction for the increased rate constant shown in red.)

The model results show that the degree of reduction achieved, is influenced by the
CO, reactivity of the coal. The effect of changing the gasification reaction rate is
predicted to have a similar effect as changing the rate of the reduction reaction (for
this specific mixture, exposed to 1200°C).

The model predictions were experimentally tested. For the experimental

investigation, Eikeboom and Leeuwpan coal, with CO; reactivities of 2.06 and 1.64
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g/min were respectively used“®). From the CO, reactivity values it can be seen that
the CO; reactivity of the Leeuwpan coal was about 20 % higher than that of

Eikeboom coal. The base mixture contained Eikeboom coal.

Mass loss vs time
(changing coal type)
45

= = = Base 1l

s = = Base2

43 -

4 ‘ —Leeuwp 1

———Leeuwp 2

39 >

37 |Mixlure containing Leeuwpan coal, exposed to 1200°C I

35

33

Sample mass (g)

A Base mixture

exposed to 1200°C

29

27

25 - -
0:00:00 0:05:00 0:10:00 0:15:00 0:20:00 0:25:00 0:30:00
Time of exposure to elevated temperature (hh:mm:ss)

Figure 22: Masses of base mixture samples and masses of mixtures containing

Leeuwpan coal exposed to 1200°C respectively, as a function of exposure time.

Figure 22 shows no significant change to the mass loss achieved, when the CO;
reactivity of the material mixture changed (for exposure to 1200°C). Figure 22
shows that even though the graphs in Figure 22 are not identical, the mass loss
achieved after 30 minutes of exposure was similar. Accordingly, the degree of
reduction was expected to be similar. However, similar changes to the reduction rate
constant and the Boudouard rate constant yielded similar changes to the overall
reduction rate. This implies that the rates of the reduction- and Boudouard reaction,
are similar, and the reaction may be under mixed control at some point in time.
(This conclusion only holds for the specific material mixture investigated, exposed to
1200°C).

The influence of changes to the reduction and gasification rate constants on the

overall reduction rate was marginal. A change in exposure temperature (as shown in

Figure 22) had a more prominent effect than changing rate constants.

48



&

ﬁ UNIVERSITEIT VAN PRETORIA Reduction of iron ore fines in the Ifcon furnace 49
UNIVERSITY OF PRETORIA

" YUNIBESITHI YA PRETORIA

2.4.5 Influence of amount of volatile matter of coal on reduction
behaviour.

The model prediction showed that the volatile matter in coal does contribute to
reduction. The presence of volatile matter increases the rate at which the composite
mixture is reduced. This is shown in Figure 23. Calculations were done for a
furnace temperature of 1200°C.

% Reduction achieved vs reaction time
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Figure 23: Model prediction comparing the reduction rate of a mixture containing

coal (with 23% volatiles) with that of a mixture containing char.

The experimental results, shown in Figure 24 (as well as Appendix C.2 and
Appendix C.3), confirmed model prediction-trends. Figure 24 shows that the rate
at which the mass of the base mixture decreased was higher than the rate at which
the mass of the sample containing coal char decreased. Although the contribution of
volatile matter to the rate of reduction was not obvious from Figure 24, Appendix
C.2 and Appendix C.3 clearly show that volatile matter increased the rate of
reduction. This was assumed to be a result of hydrogen reduction (noting that the
rate of reduction of iron oxide with hydrogen is significantly faster than that with

carbon monoxide)®%3),
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Mass loss vs time
(changing volatile content of the coal)
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Figure 24: Reduction rate of base mixture and a mixture containing Eikeboom

char exposed to 1100°C and 1200°C respectively.

2.4.6 Influence of exposure temperature on reduction behaviour

The model prediction showed that the rate of reduction increased when the
temperature (to which the material mixture was exposed) increased. This is shown
in Figure 25. The model prediction was confirmed by experimental results, as

shown in Figure 14.

When a sample is exposed to 1200°C instead of 1100°C, the model predicted an
increase from 38 to 40 % reduction (achieved after 10 minutes).  Actual
measurements showed that the degree of reduction that was achieved, changed from
24 to 38% (after 10 minutes exposure). Although the values were not the same,

model predictions were qualitatively confirmed.

In addition, the model predictions showed that the rate of reduction increased when
the conduction heat transfer coefficient increased. This implies that the rate of
reduction is influenced by the rate of conduction in the material mixture. The model

prediction is shown in Figure 26.
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% Reduction achieved vs reaction time
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Figure 25: Model prediction comparing the reduction rate of a mixture exposed to
1200°C to that of a mixture which was exposed to 1100°C.
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Figure 26: Model prediction comparing the reduction rate of a base mixture to

that of a mixture for which the heat transfer coefficient was doubled.
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The predicted temperature in the centre of the sample, as well as the predicted
temperature of the outer surface of the sample are shown in Figure 27. This figure
shows a significant temperature difference between the outer surface and the centre
of the sample during the first 180 seconds of the test. The reduction occurring
during this time, was therefore governed (to a great extent) by heat transfer
limitations. In addition, the centre of the sample reached 700 °C after about 150
seconds. This means that there was a period at the start of each test during which
the Boudouard reaction did not proceed and reduction would have been slow
(especially at the centre of the sample). Actual measurements also show a period
(between 240 and 360 seconds) during which reduction did not occur. (This is
shown in Figure C.1 to Figure C.12 in Appendix C.2 and Appendix C.3.) During
calculations it was however assumed that devolatilization and calcination of
carbonates was completed before reduction started. This also contributed to the

period of no reduction that was observed at the start of each test.
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Figure 27: Model prediction comparing the temperatures of the centre and outer
surface of the sample as a function of exposure time. The centre of the sample is

shown in blue, while the outer surface is shown in red.
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However, the steep temperature gradient in the sample showed that reduction was
governed by the rate of heat transfer, at least during the first three minutes of each
test.

2.4.7 Extent of influence of various parameters

All the tested parameters are shown on the same graph in Figure 28.
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Figure 28: Model prediction comparing the influence the exposure temperature,
reduction rate constant, gasification rate constant, heat transfer coefficient and the

volatile content of the material mixture on the degree of reduction achieved.

From the graph it can be seen that increasing the exposure temperature by 100°C
had a similar effect as increasing the heat transfer coefficient or rate constants by a
factor of 10. The temperature to which the mixture was exposed therefore appeared
to be the most significant in governing the reduction rate.

The increased reduction rate is due to better heat transfer to drive the Boudouard

reaction and/or it may be due to reactions occurring faster at higher temperatures.

Volatile matter from the coal influenced the rate of reduction significantly.
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The reduction rate constant, the Boudouard reaction rate constant and the

conductivity of the material affected the degree of reduction achieved.

The original experimental data is presented in Appendix C.1.

2.5 Conclusions

To optimise production in the solids bed of the Ifcon process, ore and coal should
not only be selected according to chemical composition but also according to CO
reducibility and CO, reactivity. Both of these parameters influenced the overall rate
of reduction, which implies that the rates of the reduction and Boudouard reactions
were of the same magnitude. The effect of changes to CO reducibility and CO;

reactivity was however limited.

The use of coal instead of char increases the rate of reduction in the material

mixture. This is probably due to the reduction of iron ore with hydrogen.

When the conductivity of the solids bed is increased, the extent of reduction that is
achieved in the bed, also increases. This indicates that heat transfer may govern the
rate of reductions (especially when the size of the sample increases). From a
practical perspective, material should be fed in such a way that conduction heat
transfer is avoided. Material will typically be fed in thin layers, so that more
material is exposed to the freeboard. This will cause more heat to be transferred
from the freeboard to the solids bed directly by radiation, and not via conduction
through the bed material.

The degree of reduction achieved increased with increasing exposure temperature,
This may be due to better heat transfer (as a result of a larger driving force for heat
transfer), or it may be the result of a higher temperature region in the bed where
reactions occur faster. The temperature to which the mixture is exposed

should be as high as possible, within the limits of solid state reduction.
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3 Phase ll: Production rate in the packed bed of the Ifcon process

3.1 Background

3.1.1 Objective

The origin of the Ifcon process was based on results from an experiment!® that
showed that 80% reduction could be achieved in a solids bed, at a material mixture
feed rate of 135 kg/mz/h. This correlated with an iron feed rate of about 60 kg
Fe/m?/h (and a production rate of 56 kg Fe/m?/h (!”)). Based on the result of 80%
reduction achieved in the solids bed, it was assumed that the reduced bed is melted
from below to produce metal and slag. In practice however, reduction can occur as a
combination of solid-state reduction in the solids bed and solid-liquid-state reduction

in the slag '7);

The objective of this part of the study was to determine the extent of reduction
achieved as solid-state reduction. For this, the following was done:
» Information from related studies was investigated.

A kinetic model was used to predict the temperature profile and reduction

A\

profile through the solids bed.

Experimental data was used to determine the applicable rate constants to be

v

used in the model.

» The temperature profile through a solids bed was measured and compared to
model predictions.

» Finally, the model was used to calculate the extent of reduction achieved, as

solid-state reduction, in the solids bed.

3.1.2 Related studies and test approach

This investigation was done in conjunction with another study!®), Both studies aimed

at gaining information that complimented each other.

In the other study*®), the degree of reduction achieved (in the upper part of the
solids bed) was estimated as a function of exposure time. For this, typical Ifcon-
material-mixtures were exposed to elevated temperatures in a muffle furnace.

Conditions in this muffle furnace simulated conditions in the freeboard of the Ifcon
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process. The material mixtures were contained in identical alumina fibre crucibles
that insulated the samples from all sides but one. The open end of each crucible was
exposed to the muffle furnace (at an elevated temperature), for a specific time.
After exposure, the degree of reduction achieved was determined for each sample.
Results for 40 mm thick samples exposed to 1500°C are shown in Figure 29. The
size of each sample was known and so was the time for which the sample was
exposed. The cross-sectional area of each sample was also known. When the mass
of the sample is divided by the time of exposure and the cross-sectional area, a
specific feed rate (with units: kg/m?/h) is obtained. Once the Fe content of the
material mixture is known and a Fe vyield is estimated, the feed rate can be
expressed as a production rate. The results of the abovementioned investigation!!®

were expressed in terms of production rate, rather than exposure time.

Anticipated degree of reductlon achieved in the upper part of the
solids bed
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Figure 29 : Results from muffle furnace experiments showing the anticipated
degree of reduction achieved in the top 40 mm of the solids bed, as a function of

production rate, for a freeboard temperature of 1500°C"*%,

As discussed in paragraph 1.4.2, the solids bed can conceptually be divided into a
top and bottom part, so that the top part only receives energy from above the solids
bed, while the bottom part only receives energy from below the solids bed. Figure
29 shows the anticipated degree of reduction in the top part of the solids bed, which
was driven by energy from above the solids bed. Since the material that is partially

reduced in the upper part of the solids bed, descends to the bottom part of the bed,
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Figure 29 also shows the anticipated degree of reduction of material that enters the
bottom part of the solids bed, as a function of production rate. This study
investigated the rate at which partially reduced material, which entered the bottom

part of the solids bed, was reduced by solid-state reduction.

The achievable production rate was calculated using a kinetic model (discussed in the
next paragraph). To confirm model predictions, the results were tested

experimentally.

Figure 29 shows that between 20% and 68% reduction can be achieved in the
upper part of the solids bed. Data obtained from pilot plant campaigns'*? showed
that the degree of reduction achieved on the outer surface of the solids bed was
about 30%"%, Accordingly, a material mixture containing 30 % pre-reduced iron ore
was used as input material during the experimental investigation. Material mixtures
containing 0% and 50% pre-reduced iron ore was also used as input material to test
the sensitivity of the results. The experimental investigation is discussed in detail in

paragraph 4.4,

The production rate was also varied during the experimental investigation.
Production rates of 30, 80 and 120 kg Fe/m?/h were aimed for. This was done by
varying the electrical energy input to the experimental set-up. The experimental
procedure is described in detail in paragraph 3.4. Table 4 summarizes the

experiments that were planned for this investigation.

Table 4: Experimental program of phase II of the investigation
Specific % Pre-reduction
Production rate 0 % 30 % 50 %
(kg Fe/m?/h)
30 X X SRR
80 X "
120 X

The temperature profile that was predicted by the model was compared to

experimentally measured temperature profiles. Point-counts were also done on
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selected samples to identify the amounts of phases present at specific positions in

the solids bed. This was done as reference to model predictions.

3.1.3 Other relevant studies

Huang and Lu‘*® exposed ore-coal mixtures to 1200°C while measuring the
temperature profile through the mixed burden. Their results indicated temperature

gradients of between 10 and 40°C/mm.

Sun and Lu®®® also measured the temperature profiles through composite ore-coal
mixtures. They found that the temperature gradients are steeper near the hot
surface and for shorter reaction times (lower degrees of metallization). They also
suggested that the low effective thermal conductivity of the mixture and the strong
endothermic nature of carbon gasification may be the main determinants of the
temperature gradients. Their results also indicated temperature gradients between

10 and 40°C/mm.

The main difference between this study and the studies mentioned above, are that
none of the above studies investigated the effect of a continuously descending bed
due to melting of the reduced or partially reduced product, while sustaining steady

state solid-state reduction.
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3.2 Determining rate constants for the reduction of iron ore

3.2.1 Solid state reduction kinetics

To eliminate unknowns during modelling of final reduction in the solids bed,
representative rate constants for the reduction reactions (of the specific ore used
during the investigation) had to be determined. The TGA experiment (discussed in
paragraph 2.2) was not designed to vyield basic kinetic information and could
therefore not be used for this purpose. Accordingly, data from a related study®! was
used to determine the kinetic rate constant for the reduction reactions. The original
data from the experimental work was used to calculate the rate constants used in

this paper.

The rate constants for the gasification reaction is calculated in a similar way than the
reduction rate constant. For this study values recently measured for the specific coal

that was used during this investigation, was used °*) .

3.2.1.1 Experimental aspects®®!
Experimental set-up

The experimental set-up consisted of a fluidised bed, which was mounted on a scale.
This is schematically shown in Figure 30. The scale enabled mass loss of the
sample to be measured while the reactions occurred in the reactor. The reactor
comprised of a double-shelled glass reactor. The inner glass reactor, which could be
removed from the outer glass reactor, contained a perforated silica disc to allow gas
flow from the outer glass reactor to the inner glass reactor. The perforated disc also

ensured gas distribution through the sample.

The furnace temperature was controlled by a proportional-integral-derivative (PID)
controlier. A Pt/Pt10%Rh (or type S) thermocouple, positioned at the height of the
sample, outside the outer glass reactor, served as control thermocouple. The outer
reactor was mounted on the scale, which recorded mass loss as a function of time
throughout each experimental run. Argon (99.999% purity) was used as purging
gas, while CO (99.995% purity) was used as reduction gas, and CQ,; was used as
oxidation gas. All of the gasses were passed through water vapour and oxygen
removal columns (similar to that shown in Figure 13} before introduction into the

outer reactor. Gas flow rates were controlled by mass flow meters calibrated for each
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specific gas. Flammable gasses CO and H, were burnt with a pilot flame at the gas

outlet. The experimental set-up is discussed in more detail elsewhere

(51)

Gas outlet —

v

Gas-tight glass seal

Gasmleft — — »

Inner glass reactor

Brass casing

Furnace

Furnace control
thermoooupie

Sample

Perforated silica disc

Outer glass reactor

Y

Figure 30: Schematic presentation of the experimental set-up used for measuring

rate constants
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Experimental Procedure®®V

Before the test commenced each sample was weighed. The sample was placed into
the inner reactor, which was placed inside the outer reactor. The thermocoupie was
put in place to measure the sample temperature. The reactor was sealed and purging
gas introduced. The mass recording software was activated and the mass of the
sample was recorded continuously. The reactor was purged with Argon for 2 minutes,
after which the Argon gas flow was terminated, and the reactant gas was introduced
into the reactor at the required gas flow rate. The calculation of the required gas flow

rate is shown in Appendix D.1.

The sample was reacted for the required period. On completion of this period the
reactant gas flow was terminated and the system was purged with Argon. After
flushing for 5 minutes the inner reactor, containing the sample, was removed from
the reactor assembly and allowed to cool to room temperature. Once the sample
cooled to ambient temperature, it was recovered from the inner reactor, weighed,

and analysed for degree of reduction.

For measuring of gasification reaction rates the same procedure was followed, but CO
was substituted with CO,. The experimental procedure is discussed in more detail

elsewhere®®V,

3.2.2 Results and discussion

A summary of the kinetic data from the reduction experiment with CO is shown in
Table D.1 to Table D.5 and Figure D.2 to Figure D.6 in Appendix D.2,

Reduction was assumed to proceed in the sequence hematite > magnetite - wustite
- iron, with all reactions occurring as first order reactions. (Reduction of hematite to
magnetite and magnetite to wustite was taken as one step.) The reaction rate of a

first order reaction is described by the following relationship®"):

dF

= —c(=h (3.a)
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where F is the fraction of oxygen atoms reacted, t is the reaction time (with unit: s),
and c is the proportionality constant ( with unit: s™*). Integration of equation 3.a

between F and Fg, as well as ty and t yields the following equation:

(1-F)

ﬂm = _C(l—[()) (3.b)
Y

From the experimental data, a plot of In[(1-F)/(1-F,)] vs (t-t,) was constructed. The
slope of this plot yielded the proportionality constant c. This constant was expressed

as follows39:

kco mFe Cco
c = ——¢t& (3.0)
NO
0

where me, was the mass of Fe in the sample (with unit: kg), Cee was the

concentration of CO gas in contact with the sample (with unit; mol/m?) Nf was the

initial oxygen content of the sample (with unit: mol), and kco was the rate constant

(with units: m3.s*.kg Fe™!).

From equation 3.c, the rate constant (keo) was calculated. The rate constant (ko)

was expressed as follows:

(~E | RT)
ko= k e (3.d)

where kq was the pre-exponential constant in rate expression (with units: m3.s ' kg
Fe'!), E, was the activation energy (with units: J mol™'), R was the gas constant (with

units: 1 mol'! K), and T was the temperature (in K).

From a plot of log(kco) vs 1/T, the value of the pre-exponential constant (ky) and the
activation energy (E,) was obtained, by considering the intersect with the y-axis and
the slope of the graph. Values obtained for the various size fractions of ore are

presented in Appendix D.3.

62



5

UNIVERSITEIT VAN PRETORIA H ; H
é UNIVERSISY GFE RREIORIA Reduction of iron ore fines in the Ifcon furnace 63

e’ YUNIBESITHI YA PRETORIA

By plotting the In of the rate constant against 1/temperature (the Arrhenius plot),
the apparent activation energies as well as the k., values of the reduction reaction for
each particle size fraction of ore was determined. The Arrhenius plots are shown in

Figure 31 and Figure 32.

In k., vs 1/T for reduction of Hematite to Wustite with CO gas
Ore size fraction
-5.00
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Figure 31: In (rate constants) as a function of 1/temperature for the

reduction of hematite to wustite.

In k., vs 1/T for reduction of Wustite to Metallic iron with CO gas
Ore size fraction
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Figure 32: In (rate constants) as a function of 1/temperature for the

reduction of wustite to metallic iron.
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Since the size distribution of the iron ore was known, the average rate constant and
apparent activation energy was calculated from the weighted average plot of the
plots for the individual size fractions. Figure 31 and Figure 32 (and Figure 33)
also shows the weighted average Arrhenius plot, which represents the plot for the ore

fines with size distribution as used during this study.

In k., vs 1/T for reduction of hematite-and wustite containing ore with CO
gas
-5.00 = ] s
A Hematite to wustite |
& Woustite to metal ‘
-5.50 - |
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[«2]
_.“
o -6.50
E
3
c -7.00
-7.50
-8.00 , . ;
0.00075 0.00080 0.00085 0.00080 0.00095
1T (K
Figure 33; Weighted averages of In (rate constants) as a function of

1/temperature for the reduction of hematite to wustite and wustite to metallic

iron respectively.

The proportionality constants, rate constants and activation energies of the various
particle sizes are shown Appendix D.3. The overall results are also shown in Table

5.
Table 5: Apparent activation energies and rate constants for Sishen ore used
during this investigation.

0 to 30% reduction || 30 to 80% reduction

Ko Ea Ko B
(m’s kg Fe'!) (J.mol™}) (m3s'kg Fe!) | (J.mol™)

Average values 0.535 56520 3.242 77000

64



e

é UNIVERSITEIT VAN PRETORIA Reduction of iron ore fines in the Ifcon furnace 65
- UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

The rate constants for the gasification reaction was measured by Pistorius et al®") for
char from the same Eikeboom coal that was used during this investigation. The rate
constants for various size fractions of Eikeboom char was measured and the overall
rate constant and activation energy was calculated. These values are shown in

Table 6 and Table 7 respectively.

Table 6: Individual activation energies and rate constants for gasification of
specific size fractions of Eikeboom char, (which was also used during this
investigation )%,

Size fraction of char Carbon gasification

ko E.
(m3s'kg C) (J.mol™)

-212pm +106 pm | 4.588 x 10* | 182 440
-425pm + 212pm 1,252 x 10* 166 769
-850pm + 425pm | 6.180 x 102 | 137 098

| -2000pm + 1400pm | 8.255x 10° | 189 867

Table 7: Apparent activation energies and rate constants for gasification of
Eikeboom char, which was used during this investigation®?.
Carbon gasification

| ko Ea
| (m’s'kg C1) (J.mol ™)

| Values used 45780 172401
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3.3 Modelling of the bottom part of the solids bed

3.3.1 Basic model description*>

3.3.1.1 Overview

The area in the solids bed where reduction mainly occurs by solid-state reduction,
can be simulated as a plug flow reactor (PFR)®®), On the other hand, the slag pool
where solid/liquid state reduction and bath smelting reactions on be simulated as a
continuous stirred tank reactor (CSTR)? Based on the assumption that all material
that reached the slag pool moved through the solids bed, final reduction at the
bottom of the solids bed can be simulated as a PFR and CSTR in series. The relative
amounts of reactions occurring in the PFR and CSTR depends on the respective
amounts of solid-state reduction and solid-liquid-state reduction occurring in the
process. This split in reduction mechanism was investigated during this study. The
rate of reactions in the slag pool was assumed to be much faster than the rate of

reactions in the solids bed®!®,

The bottom of the solids bed was modeled as a PFR, using a kinetic model. The
model was a variation of the model that was used by Pistorius!> to simulate
reduction in the top part of the solids bed. Since devolatilisation was expected to
occur in the top part of the solids bed, volatiles were not included in the model.
Although calcinations may or may not occur in the bottom part of the bed, the
complexity of calcinations was excluded from the model. The solids bed therefore
consisted of hematite, magnetite, wustite, metallic iron, carbon, and lime, while the

gas phase comprised of CO and CO..

Since it was assumed that material moved through the solids bed in plug flow(*>*®),
one-dimensionality of the bed was assumed, i.e. properties varied only in the vertical

direction,

The bed was divided into a number of horizontal cross-sections (or nodes). The
condition in each node was assumed to be uniform. Coetsee et al.*® showed that
the gas temperature in @ node could be assumed equal to the solids temperature in

the node,
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3.3.1.2 Thermal conductivity of the bed

The porosity of a nodes depended on the amounts of each of the phases present in
the nodes, their densities and the node heights. The node height was assumed to
remain constant during the reducticn process. This means that compacting due to

softening of the bed was not accounted for.

The effective thermal conductivity of each node was calculated using the geometric
mean thermal conductivity of the solids®®?, the conductivity of the gas'®®’, and the
porosity of the node. This calculation was based on the assumption of random

distribution of sclids in each node (discussed in more detail in paragraph 2.3).

3.3.1.3 Gas flow through the bed

The boundary condition at the bottom of the bed was a net flow of CO and CG; into
the bottom node. The amount of CO and CO; corresponded to the amount of
unreduced material leaving the bottom node. The CO/CO, ratio of this gas was
chosen as 13, which corresponds with a partial oxygen pressure of 4x107'%, which in
turn corresponds with a FeC activity of 0.3 at 1550°C. This correlates with pilot

plant data‘'”.

The temperature of the gas entering each node was assumed to be equal to that of

the solids in the node below it!4?

, while the gas leaves the node at the temperature
of the solids in the node. For the bottom node the gas temperature was equal to the

bath temperature.

Tne equilibriurn partial pressures of CO; for the reduction and Boudouard reactions
was calculated from equilibrium constants, which were derived from the free energy

data as compiled by Kubaschewski et al,*¥

3.3.1.4 Reaction kinetics

Reduction was assumed to proceed in the sequence hematite - magnetite = wustite
- iron, where the rate equation held for all three reduction steps. At temperatures
below 564°C however, reduction was assumed to proceed in the sequence hematite

- magnetite & iron, where the rate equation held for both reduction steps

The reaction rate expressions of the model were based on the expressions used by

Coetsee et al.®® during modeling of reduction of a composite pellet.
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Reduction reaction:

R
re = kg exp(—E /RTY M . (1= F) pC—OR?p—C& (3.¢)

Boudouard reaction:

B

Pco, ~ Pco,

rg =k, exp(=E,/RT) M. <7

(3.f)

where r, and 1, were the reaction rates (with units: moles of O and C reacted per m?

per second), kz and kg were the rate constant for the reduction and Boudouard
reactions respectively,(with units: m3/kg Fe/s and m?/kg C/s) , F was the degree of
reduction achieved, Mg, and M were the masses (in kg) of iron and carbon
respectively per m?® of the packed bed, £x and Eg were the activation energies of the
reduction and Boudouard reactions (with units J/mol), 7 was the absolute

temperature, pco and pco, were the partial pressures of CO and CO, respectively(with

R B
unit: Pa), Pco and Pco, were the equilibrium partial pressures of CO and CO, for

the reduction and Boudouard reactions (in Pa).

3.3.1.5 Mass transfer and rate constants

Coetsee et al.*® showed that the interface concentration of CO and CO,, respectively
was similar to the respective CO and CO, concentration of the bulk gas. Diffusion of
gaseous species through the pores of the bed was therefore not considered in the
model. The apparent rate constants (which makes provision for diffusion in the
pores of the particle) were determined from experimental data, as discussed in

paragraph 3.2.
3.3.1.6 Calculation procedure
The initial conditions in the nodes was defined by the starting temperature, degree of

reduction and the mass ratio of carbon and lime to iron.

The new temperature was explicitly calculated, and depended on the heat transfer

into the node by radiation and conduction as well as the extent of reactions occurring
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in each node. Radiation only took place at the bottom node, while the top node was

assumed to be thermally insulated.

By considering an oxygen and carbon balance for each node, the CO/CO,; ratio which
satisfies the rate equations for the reduction and Boudouard reactions were found,
The carbon and oxygen balances were written as follows:

Carbon balance: n =(1+ x)(n +n;+ n3) {(3.9)
Oxygen balance: n = (2 + x) (n, + 2n; + ng) {3.h)
Where n, and n; were the amounts of CO and CO, , which respectively entered the
node in a time interval {with units: mol/m?), n; was the number of moles of carbon
gasified by the Boudouard reaction {with units: mol/m?), ns was the amounts of
oxygen removed by the relevant reduction reaction (with units: mol/m?), and x was

the molar CO/CO; ratio of the gas leaving the node.

From equation 3.g and equation 3.h, n; and n,; were written as follows:

1
n, = Clpeo = P )i with C, = ky exp(~E, /RT) M ., dh (1 - F) i (3.0)

n, = Cylpeo, = P, ) with C, = k, exp(~E,/ RT) M. dh é d (3.9)

with dh the height of the node and dt the time interval (with unit: s} and all other

symbols as defined for equation 3.e and equation 3.f.

By combining equations 3.g and 3.h, and substitution of equations 3.i and 3.j, the

following expression was obtained:

o+ 2, + (Pco - Pgo): %[’H +n, +C, (Pco2 - P(Bu: )] (3.k)
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In order to solve for X, equation 3.k was written in quadratic form as follows:
ax> +bx+¢=0 (3.1)
with

a === Czpcl}o: =G pror +C, P?-o
b=mn—=n,+Cypyy, _3C3PCBO: —C pror +2€, pflj{'() (3.m)

B

’ R
¢ = +2C,pror = 2C, o, + CiPeo

The quadratic equation was solved to yields a value for x, which was then used to

solve for n3, ny and n.

Once the amounts of Fe and C reacting was known for a time interval, an energy
balance was performed to calculate the new temperature of the node, at the end of

the time interval. The following equations were used:

Ty = (H y +(q/ A), T ((//A)I\‘mi_ -(q/A),

cond _ oul

— SumA)/ SumB (3.n)

where Tyew was the absolute new temperature of the node at the end of the time
interval, Hiyr was the enthalpy of all species entering the node at the start of the
time interval, (Q/A)cond in (3/A)rad in Were the amounts of conductive and radiant heat
(with units: 3/m?) which respectively entered the node during the time interval, while

(a/A)cona_ ot Was the amount of conductive heat that left the node during the time

interval.

H,py = Zn, (A + BTy )+ 1 (Acy + BeoTon J+ 1 (Aco, + Beo T ) (3.0)

SumA =3 n (A J+ (A )+ (A ) (3.p)
,

Sunt = 3 (8,0 (8, )+l )
y
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where n; is the number of moles of solid species / (Fe®, FeO, Fe;04, Fe;,05, Ca0 and
C) in the node at the start of the time interval, n; was the number of moles of solid
species ] (Fe®, Fe(Q, Fe;04, Fey05, Cal and C) in the node at the end of the time
interval, A, , A;, B; and B; are the constants in the enthalpy correlation®® of species I
and J respectively, n, and n; are the number of moles of CO and CO; respectively
which entered the node, at the temperature 7,4, , while xn and n were the number of
moles of CO and CO; which left the node at the new temperature (Tyesw). Note that

Tgas for node {n+1) was assumed equal to Tyege for node n.

This procedure was foltowed for all nodes in the solids bed, to yield the temperature
profile of the bed at the end of time interval dt. The entire procedure was then
repeated for various time intervals to find the change of temperature and degree of

reduction with time.

3.3.1.7 Simulating feed rate:

To simulate feeding at the top of the solids bed with the simultaneous melting of the
bottom of the bed, the sclids bed moved down by a node thickness after a holding
time which correspanded with the feed rate of iron are. Feeding and melting
therefore occurred as steps rather than continuous movement of the bed. After each
step, the top node comprised of newly fed material , while the rest of the nodes each
inherited the properties of the node above it (i.e. temperature, degree of reduction

and carbon content).
This procedure was repeated until the change in temperature of the nodes became

negligibie. The temperatures of the nodes then showed the steady state temperature

profile of the bed. Similarly, a reduction profile of the bed was found.
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3.3.2 Model predictions

The predicted temperature profile as well as profile for degree of reduction through

the solids bed, for a feed mixture containing 30% pre-reduced iron ore, is shown
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Figure 34:

Theoretical profiles of temperature and fraction reduction

achieved through a 100mm high solids bed, for a production rate of

30kg/m?*/h.

Figure 34 shows that reduction mainly occurs in the 50mm above the bottom of the

bed. These temperature and reduction profiles were used as basis for comparison

when changes were made to the properties of the solids bed.
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3.3.2.1 Change in rate constant for the reduction reaction
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Figure 35: Theoretical profiles of temperature and fraction reduction

achieved through a 100mm high solids bed, for a production rate of

30kg/m?/h, when doubling the rate constant for the reduction reaction.

Figure 35 shows the effect of doubling the rate constants for the reduction reactions
on the profiles of the temperature and reduction achieved. The profiles for
temperature and reduction for the increased rate constant are shown in red and blue
respectively. The graphs presented in Figure 34 are also shown as reference. The
figure clearly indicates that the reduction profile changes. Before the rate constant
was changed, 66% reduction was theoretically achieved, while 78% reduction was
achieved when the rate constant was doubled. The temperature profile of the bed
was not affected by the change in rate constants (the solid red and black lines were

exactly the same).

From the above it seems that the degree of reduction achieved is controlled by the
rate of the reduction reaction. Accuracy regarding the reduction rate constant
(discussed in Section3.2) used during modelling of the solids bed is therefore

important.
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Figure E 2 in Appendix E.1 shows the theoretical profiles of temperature and
fraction reduction through a 100mm high solids bed, for a production rate of
30kg/m?/h, when the rate constant for the reduction reaction is halved. The effect
thereof was that 8% less reduction was achieved, while the temperature profile of

the bed was unchanged.

3.3.2.2 Change in rate constant for the gasification reaction
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Figure 36: Theoretical profiles of temperature and fraction reduction

achieved through a 100mm high solids bed, for a production rate of 30kg/m?/h,

when increasing the rate constant for the gasification reaction.

Figure 36 shows the effect of doubling the rate constants, for the gasification
reactions, on the temperature and reduction profiles. The profiles for temperature
and reduction are shown in red and blue respectively, while the results from Figure
34 are also shown in black. The figure indicates that neither the temperature nor
the reduction profiles changed significantly when the gasification rate constant was
doubled. This implies that the rate of reduction at the bottom of the solids bed is not

governed by the chemical rate of the Boudouard reaction.
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Since it appeared that the rate of reduction was not controlled by the rate of the
gasification reaction as such, accuracy regarding the rate constant for the gasification

reaction was not regarded critical for modelling purposes.

Figure E 4 in Appendix E.1 shows the theoretical profiles of temperature and
reduction achieved through a 100mm high solids bed, when the rate constant for the
Boudouard reaction is halved. Changing of the gasification rate constant did not

change the temperature profile or the reduction profile of the bed.

3.3.2.3 Change in thermal conductivity of the bed
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Figure 37: Theoretical profiles of temperature and fraction reduction
achieved through a 100mm high solids bed, for a production rate of 30kg/m?/h,

when increasing the thermal conductivity of the solids bed 1.5 times.

Figure 37 shows the effect of increasing the thermal conductivity of the solids bed
by a factor of 1.5. The figure shows a significant decrease in the slope of the
temperature profile (in red) as well as a 7% increase in the degree of reduction

achieved (in blue).
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From the above it is clear that the overall reduction rate is not only controlled by the
rate of the reduction reaction (as discussed in 3.2.2.1) but also by the rate of heat

transfer (via conduction) in the solids bed.

Figure E 6 in Appendix E.1 shows that halving of the thermal conductivity resulted
in about 10 % less reduction achieved, while the slope of the temperature profile

increased .

3.3.2.4 Change in bath temperature
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Figure 38: Theoretical profiles of temperature and fraction reduction
achieved through a 100mm high solids bed, for a production rate of 30kg/m°/h,

when decreasing the bath temperature.

Figure 38 shows the effect of decreasing the bath temperature from 1550°C to
1350°C. The figure shows a temperature profile (in red) at a lower position but with
similar slope than that of Figure 34 (shown in black). The reduction profile (shown
jn blue) also changed with a decrease in bath temperature. This indicated the

importance of maintaining a constant bath temperature for comparative purposes.
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Figure E 7 in Appendix E.1 showed that when the bath temperature was increased

from 1550°C to 1750°C, a larger temperature gradient and a higher degree of

reduction was achieved.

3.3.2.5 Change in production rate

Temperature (K)

Temperature profile and degree of

reduction achieved

— 0.9
: 30 kg/m2/h |
1 0.8
: 60 kg/m2/h
: 30 kg/m2/m || 07
: 60 kg/m2/h |7
} f } } 0

20 40 60 80 100

Distance from bottom of the solids bed (mm)

Fraction reduction

achieved

Figure 39:

Theoretical profiles of temperature and fraction reduction

achieved through a 100mm high solids bed, for a production rate of 30kg/m?/h

as well as 60kg/m?/h.

Figure 39 shows the effect of increasing the production rate from 30 kg/m*/h to

60kg/m?/h. The figure shows a significant increase in the slope of the temperature

profile, and accordingly, lower temperatures (in red).

The figure also shows a

significant decrease (about 20%) in the degree of reduction achieved (in blue). This

indicated that the degree of reduction achieved in the solids bed strongly depended

on the residence time of the particles in the solids bed.

Figure E 10 in Appendix E.1 shows that when the production rate was halved, the

degree of reduction achieved increased by about 20%, while the slope of the

temperature profile of the bed decreased.
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3.3.2.6 Change in degree of pre-reduction of input material
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Figure 40: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h when

decreasing the degree of pre-reduction of the input material from 30% to 0%

Figure 40 shows the effect of decreasing the extent of reduction achieved in the
upper part of the solids bed (from 30% to 0%). The figure shows little change in the
slope of the temperature profile (in red), while the final degree of reduction achieved
at the bottom of the solids bed (in blue) decreased (from 66% to 59% reduction).

Figure 41 shows the effect of increasing the extent of reduction achieved in the
upper part of the solids bed from 30% to 50%. The figure shows that the slope of
the temperature profile decreased, while the final degree of reduction achieved at the

bottom of the solids bed (in blue) increased with 10%..
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Figure 41:

Theoretical profiles of temperature and fraction reduction achieved

through a 100mm high solids bed, for a production rate of 30kg/m?/h when

increasing the degree of pre-reduction of the input material from 30% to 50%

The next step was to measure these model predictions experimentally.
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3.4 Experimental aspects

3.4.1 Experimental apparatus

The experimental equipment mainly comprised of the induction furnace and

associated gas flow rate control system.

3.4.1.1 The induction furnace setup.
The tests were performed in a 150kW coreless induction furnace. The furnace
consisted of a fixed water-cooled induction coil, a fixed refractory lining, a removable

crucible and a crucible lid assembly (shown in Figure 42)

Off gas pipe »

Purge gas inlet #1

Purge gas inlet #2

Dust settling box

Feed chute

Steel lid

Gasket

Bed of solid material
Thermocouple

Metal bath

Thermal blanket

Removable magnesia crucible
Thermocouple

Doloma

Coil coat

Water cooled induction coil
Rammed magnesia refractory

Figure 42: Schematic illustration of the induction furnace configuration.

The furnace was heated with a water-cooled, copper induction coil of 340 mm inside
and 400 mm outside diameter, with a height of 465 mm. The coil was covered with
high temperature insolating paper, to serve as coil coating. Since the furnace

refractories expand and contract during heating cycles, the coil had to be separated
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from the furnace refractories. This enabled stable coil conditions, despite expansion

and contraction of furnace refractories.

The walls of the furnace were rammed, using a high magnesia ramming material
(Basiram 95 HK) from Hernic Premier Refractories. Prior to test work, the rammed
lining was sintered by establishing, and maintaining a steel bath in the furnace for
three hours. The furnace was tapped (by tilting), and after cooling the metal scull

was removed.

The floor of the furnace was lined with a layer of doloma (burnt dolomite) of particle
size between 2.8 mm and 3.3 mm diameter. This was done to avoid "sticking” of the
magnesia crucible to the magnesia furnace refractories (due to sintering), thereby

easing removal of the “removable crucible”.

The removable crucible was positioned on top of the doloma. (The positioning of the
crucible is discussed in more detail in Appendix F.2.) Each crucible had a 160 mm
inner diameter and a height between 235 mm and 240 mm, while the outer diameter
tapered from 190 mm to £215 mm. The crucibles were cast with Basiram 95 HK
from Hernic Premier Refractories. The water addition needed to obtain the castable
was 7% (as specified by the manufacturers). The crucibles were cast in plastic
moulds, and dried at 110°C for 36 hours. The crucibles were freed from the mould
by breaking (cutting and tearing) the moulds. Sintering of the crucibles was done in
a muffle furnace, with temperature control by PID (proportional integral derivative)
controller. The sintering cycle comprised of heating from ambient to 1500°C over a

period of 60 hours and cooling to ambient over another period of 60 hours.

In the experimental set-up, the crucible was covered with a steel [id. The off gas
pipe extended through the steel lid. A gasket, cut from a high alumina thermal
blanket (1400°C grade) was placed between the crucible and the lid. Since the steel
lid was held in position by its own weight, and could be lifted by pressure inside the
crucible (the entire lid acted as an pressure relieve damper) the crucible
arrangement could not be made gas tight. A positive pressure was therefore
maintained in the crucible to prevent air from leaking into the crucible. This was

done by purging the crucible with argon.
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The feed system of the furnace consisted of a feed chute, onto which a removable
glass lid was fastened with clamps. A rubber packing ensured a gas-tight seal
between the glass lid and the chute. The chute extended through the crucible lid,

into the crucible.

A 4 mm hole through the crucible lid enabled access of thermocouples to the inside

of the crucible, for measuring the temperature profile of the solids bed.

The cavity between the removable crucible and the furnace refractories was filled
with an alumina fibre thermal blanket. This improved thermal insulation of the

crucible and also served to hold the thermocouples in position.

3.4.1.2 Gas system

The crucible assembly was continuously purged with 99.999% pure Argon. A
schematic diagram of the gas preparation and control system is shown in Figure 43.
The respective gas lines, their purification trains, connecting gas-lines and stopcocks

are indicated.

A ball valve was used to set the flow rate of the purge gas. The argon passed
through a hydrosorb cartridge (from Messer Griesheim) to remove traces of moisture,

According te specifications the final purity of the gas was < 0.5 ppm H;C.

To avoid oxidation of the sample (and product gas from the sample} the oxygen
potential of the purge gas was regulated. This was done by passing the argon
through oxisorb-W (also from Messer Griesheim), which comprises activated
chromium trioxide that absorbs traces of oxygen in the gas. According to
specifications, the oxygen content of the gas is lowered to below 10ppb (which
corresponds to an oxygen potential below 10® atm). Changes in colour indicated

when the cartridges needed replacement.
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Figure 43: Schematic illustration of the gas system configuration.

The flow rate of the Argon was measured with a calibrated rotameter from Fisher
Porter (model 10P6132NA). Calibration of flow meters is discussed in Appendix F.3.
From the rotameter, the gas line split into two gas supply lines, both leading directly
to the crucible lid, for flushing. (Two supply lines were used for the argon in an
attempt to induce mixing of the purge gas with the CO and CO, that evolves from the
solids bed.) Purge gas entered the crucible, through two copper tubes that extended
through the crucible lid. Off-gas exited the furnace through a steel tube, which also
passed through the lid.

Since the gas analyser needed a gas flow rate of 6 |/min to operate accurately, at
least 6 litres of gas had to be either produced inside, or blown into, the crucible. To
avoid air from entering the crucible, the crucible was operated with a slight positive
pressure. For this, the flow rate of argon into the crucible, was maintained at 6 I/min.
The product gas from the reactions in the crucible then resulted in a positive

pressure inside the crucible.
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The off gas from the crucible passed through a dust-settling box of about 5 dm?,
made from mild steel. From the box, the gas passed through a steel cooling pipe of
25 mm diameter and 1 m long. This was intended to allow water vapour to condense
and drip into the dust-settling box. The gas then passed through a Balston (model
9556-1/4) filter, with replaceable filter elements. These filter elements were

replaced after each test.

The gas was passed through a calibrated rotameter, from where it went through a
booster pump, to the gas analyser. A Prima 600 mass spectrometer was used for

analysing of the gas.

3.4.2 Experimental procedure.

3.4.2.1 Raw material preparation
The ore, coal and fluxes used during this investigation were similar to those used for

the reference sample for the TGA tests (the first phase of the investigation).

Dolomite and limestone samples were compiled according to the size distributions in
Table A 2 in Appendix A.3 To avoid complications associated with the calcinations
reactions, calcinated dolomite (doloma) and calcinated limestone (lime) were used.
For calcination, the dolomite and limestone were placed in alumina crucibles and

exposed to 1000°C for a period of 16 hours (overnight) in a muffle furnace.

Since devolatilization is expected to occur in the upper part of the solids bed, coal
char was used in the mixture. The coal was charred at 1000°C. This was done by
heating 7 kg batches of coal, at such a rate that 1% mass loss occurred every 10
minutes. The coal was charred until no further mass loss occurred. Charring was
done in a nitrogen atmosphere. After cooling, the char was screened and samples
were compiled so that the size distribution of each sample matched the size

distribution of the coal in Table A 2 in Appendix A.3.
The ore samples were all synthetically compiled to match the size distribution of ore
in Table A 2 in Appendix A.3. Three series of ore samples were prepared for

testing.

The first sample series comprised of unreduced hematite ore.
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The second series comprised of iron ore that was 30% pre-reduced at 800°C. For
this a thermo gravimetric analyser (TGA), with a capacity of 7kg, at Kumba’s
technology department was used. A gas flow rate of 1 I/min was maintained to avoid
fluidisation of the material, and a reducing gas comprising 50% CO and 50%
CO;,.was used. (The temperature and gas composition was chosen so that the stable
phase that formed would be wustite)”). The mass of the sample was registered

continuously, as indication of the degree of reduction achieved.

The third series was 50% pre-reduced at 1000°C, using a gas containing CO and CO;,
in a 2:1 ratio, so that the stable phase that formed would be metallic iron(”,

The char content of the samples were chosen so that the material mixture comprised
a FC/Oorey ratio of 0.85. The selection of a FC/O(qy ratio of 0.85 is discussed in more

detail in Appendix F.1.

3.4.2.2 Test Procedure

Prior to testing the mass of the removable crucible as well as the mass of the metal
(to be melted as metal bath) recorded. The experimental configuration, as described
previously, was assembled. A metal bath was established by melting two metal discs
of 150mm diameter and weighing about 12kg in the removable crucible, in the
induction furnace (see Figure 44). The scrap metal used was cut from the same
sheet of grade 300 WA steel, produced at Highveld Steel and Vanadium Corporation
Ltd. The certified analysis of the steel is shown in Table 8

Table 8: Analyses of 300 WA sheet steel used to establish the metal bath.

L,.
|

i C S P | Si Mn cr | Vi
(%) | (%) (%) (%) | (%) | (%) | (%)

300 WA 0.17 | 0.02 | 0.005 0.26 091 | 0.05 | 0.01

During heating of the discs, the temperatures of the discs and outer surface of the
crucible (at the bottom and on the sidewall) were recorded. The power input to the

furnace was regulated so that a heating rate of £300°C/hour was achieved.
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Figure 44; Crucible with scrap for Figure 45: FEstablishing of a solids

metal heel in induction furnace. bed on top of the molten bath.

As soon as the discs melted, and a liguid bath was established, == 1kg of feed
mixture was fed onto the liquid bath. This is shown in Figure 45. The lid of the
crucible was then positioned on top of the crucible, and the argon gas flow was
established to flush the crucible, and establish a positive pressure inside the crucible,
An additional =500 g of feed mixture was fed into the crucible, to establish a solids
bed {as a pile) with apex about 2 to 5 ¢cm below the crucible lid. Batches of material
mixture (£250g) were then fed onto the sclids bed, at such intervals to maintain a
constant bed height. Access to the crucible was obtained by a feed chute that
extended through the crucible lid. During operation the chute was closed with a
removable glass lid, which clamped onto the end flange of the chute. For gas
tightness a rubber gasket was placed between the glass lid and the end flange of the

chute. This configuration is shown in Figure 46.
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Dust settling box

Glass inspection lid

Feed chute

Purge gas inlet

@- _ ' ] Crucible lid

Figure 46: Lid with feed chute on top of crucible.

The production rate was estimated from the rate at which material had to be fed to

the furnace to maintain constant heap heights, as well as from gas analyses.

A multi-channel Prima 600S gas analyser was used to analyse the off gas. Off gas
from the crucible (comprising of product gas and purge gas) was pumped to a gas
analyser at a rate of 6 i/min. This is the minimum gas flow rate specified for the gas
analyser. Analyses were performed at approximately two-minute intervals,

depending on the amount of channels in use during an experiment.

Since the rate at which argon was blown into the “freeboard” of the crucible was
known, the rate at which CO and CO, entered the “freeboard” of the crucible was
calculated from the off gas analyses. (The CO to argon flow ratio in the off-gas is
directly shown by the off-gas analysis, when perfect mixing is achieved in the
“freeboard” of the crucible.) The rate at which CO and CO, leaves the crucible
translates to the rate at which oxygen is removed from the crucible and therefore

gives the rate of reduction (and metal production) in the crucible
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Excess process gas that escaped from the system, were extracted through the roof
extractor fans. For safety reasens the CO content of the furnace surroundings were

continuously monitored, using a Drager CO monitor.

The power input to the furnace was manually regulated in an attempt to achieve the
desired preduction rate. Although mass and energy balance calculations showed that
approximately 4 kW power input was needed to drive the reduction and melting
reactions, about 40 kW power input was needed to prevent solidification of the bath.
Accordingly, an estimated S0% of the power input was used to overcome heat losses.
The amount of heat losses however varied from one experiment to the next, thereby
complicating control of the electrical power input for the process. The capacitor
arrangement of the furnace also had to be changed intermittently, to ensure
operation with a phase angle close to zero. (A zero degrees phase angle translates to

a power factor of one, which indicates optimum utilisation of power).

The temperature on the outer surface of the crucible was measured continuously

during each test. This was done to avoid overheating of the metal bath.

Once at least 3 kg of material was fed to the furnace, the temperature profile of the
solids bed was measured. This means that the temperature profile was only
measured once the furnace was operated for a period longer than the residence time
of material in the solids bed (to achieve steady state operation in the furnace). The
temperature profile is the variation of temperature with vertical position in the bed.
During initial tests, chromel{Ni-Cr)/alumel(Ni-Al) (or type K)} thermocouples were
used, but during the last series of test, Pt/Pt10%Rh (or type S} thermocouples were
used. The reference height for measurements was the height of the crucible lid. The
profile was measured by pushing a thermocouple vertically down, (through a 4 mm
hole in the crucible lid} into the bed. The thermocouple temperature and the
distance by which the thermocouple was lowered into the bed were recorded
simultaneously. The thermocouple was lowered 5 mm at a time, and held in position

until the measured temperature approached a constant value.

The height of the metal bath was measured by inserting a 3 mm mild steel rod 300
mm deep into the crucible, through the hole that was used for measuring the
temperature profile. Upon extrusion of the rod, the height of the metal bath (relative
to the height of the lid} could be seen. This is similar to the “dip rod” method used

88



% UNIVERSI':EI'I g:u PREIO:I& Reduction of iron ore fines in the Ifcon furnace 89
A
THI YA RIA

to determine the bath level in pilot plant furnaces. Note further that the temperature
profile was also measured relative to the height of the lid. With these measurements
the temperature profile of the solids bed was expressed relative to the height of the
bottom of the solids bed.

After the temperature profile of the heap was measured, the temperature of the
metal bath was also measured. For this a Pt/Pt10%Rh (or type S) thermocouple,
shielded in a Metamic 829 sheath was used. These types of sheaths comprise 70 %

molybdenum and 30 % alumina, and are normally used in vacuum melting furnaces.

At the end of the experiment, the crucible was lifted from the induction furnace and
left to cool to ambient temperature, as shown in Figure 47. A custom made, pliers-

like, tool was used for lifting and transporting of the hot crucible.

Figure 47: Crucible removed from the furnace for cooling.

After cooling, the mass of the crucible with its content was weighed. The loose
material in the crucible was poured out of the crucible, and the material remaining in
the crucible was impregnated with cold-setting Araldite M Resin containing 20%
Araldite HY 956 hardener. Once solidified, the refractory was removed from the
sample (with a hammer and chisel) and the sample was cut in vertical slices, to
reveal a picture of the bottom of the solids bed. Some of the samples were polished
to a mirror-like finish. Final polishing was done with 3um diamond paste. Typical

images obtained are shown in Appendix F.
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3.4.2.3 Temperature control of the liquid bath

The method used to monitor changes in the bath temperature was based on a
method used by Duca®, who measured the refractory temperature to determine the

extent of wear of the induction furnace refractories.

The furnace temperature was regulated manually according to the change in
temperature of the outer surface of the removable crucible. Three Pt/Pt10%Rh (or
type S) thermocouples were installed to measure the temperature on the outer
surface of the crucible. Two of these were placed along the sides of the crucible, at
the height of the metal bath, while the third was placed, in the centre, below the
crucible. The thermocouples were made of 0.38 mm diameter thermocouple wire,
which was certified to be accurate within one degree, by the suppliers, Johnson &
Matthey.

A combination of an "Adams 4017 data acquisition module” and an “Adams 4520 RS
232 to RS 422 / RS 485 converter” was used to convert the milli-volt output, of the
thermccouple to a RS 232 digital signal. This signal was recorded with custom made
software, and exported to an excel spreadsheet. The data acquisition and recording

eqguipment is shown in Figure 48.

Rotameters

Temperature display
(type K thermocouples)

Computer for data
logging

Adams modules

Figure 48: The data acquisition and recording equipment
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Variations of the temperatures of the outer surface of the crucible, reflected
variations of the bath temperature. This means that when the temperature of the
bath increased, the recorded temperature also increased, and vice versa. At the
start of each test, the bath temperature was directly measured using a sleeved
Pt/Pt10%Rh (or type S) thermocouple. The directly measured bath temperature was
used as a reference for the temperature measurements on the outer surface of the

crucible,
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3.4.3 Results and discussion

3.4.3.1 Bridging of solids bed

From time to time, the solids bed stuck to the walls of the crucible, thereby forming a
“bridge” in the crucible. This resulted in heat from the metal bath being transferred
by radiation to the bottom of the solids bed. The model was accordingly changed to
simulate this condition. (The gap that formed between the solids bed and liquid bath

is seen in the visual sections of the solids bed, shown in Appendix F)

Bridging of the solids bed also resulted in poor control regarding the production rate.
When the energy input to the furnace was increased, the bath temperature
increased, which resulted in an increase in production rate. Changing the production
rate, while maintaining a constant bath temperature was therefore problematic. The
approach with the experiment therefore changed from regulating the production rate
to measuring the production rate, in order to obtain data that could be compared to

model predictions.

3.4.3.2 Production rates
From the gas analyses (presented in Appendix F.5), the production rates were

calculated. Results are presented in Figure 49, Figure 50 and Figure 51.

Sudden increases in the production rate were recorded from time to time. This was
due to unsteady operations when too much energy was supplied to the bath,
resulting in intermitted moments during which high production rates were observed.
In order to achieve stable (near steady state)conditions, production rates in the

region of 20 kg Fe/m?/h had to be maintained
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Figure 49: Specific production rate calculated from gas analyses for tests done

with material containing 0% pre-reduced iron ore.
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Figure 50: Specific production rate calculated from gas analyses for tests done

with material containing 30% pre-reduced iron ore.
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Instantanious production rate according to gas analyses
(of a mixture containing 50% pre-reduced Iron ore)
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Figure 51: Specific production rate calculated from gas analyses for tests done
with material containing 50% pre-reduced iron ore.

Figure 49, Figure 50 and Figure 51 show that sudden increases in the production
rate from time to time. These increases were mostly observed as slag reactions
occurring when part of the solids bed collapsed into the liquid bath.

Times when temperature profiles were measured are also shown in the figures
above. From the figures, the actual production rate at the time of the measurement
can be seen. These production rates were used as inputs to the model for predicting
of the theoretical temperature profiles of the solids bed.
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3.4.3.3 Model predictions vs experimental measurements

Figure 52 shows that experimental measurements were repeatable.

Temperature profiles showing
repeatability of measurements

1800

1600 + @ Trail 1
= Trail 2

1400 +

1200 . [ ® Trail 3 |
T e

1000 + o
800 +
600 +
400 +
200 +

0 : : ; :
0 20 40 60 80 100

Distance from bottom of the solids bed (mm)

Temperature (K)
 §

Figure 52: Experimentally measured temperature profiles of the solids bed,
showing repeatability of results. These tests were done with material containing 50%

pre-reduced iron ore at a production rate of 18 kg Fe/m?/h.

Figure 52 shows that good repeatability of temperature profile measurements were

achieved.

Measured temperature profiles are shown in Figure 53 to Figure 56. These figures
also show the model simulations of the respective tests. Each test was individually
modelled. The production rate and bath temperature that was measured during the
test were used as inputs to the model. The model predicted the temperature profile

as well as the reduction profile through the solids bed for the specific test.
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Figure 53: Comparison between model prediction and experimentally measured
temperature profiles of solids bed for a tests done with material containing 30% pre-

reduced iron ore at a production rate of 19 kg Fe/m?/h.
Figure 53 shows a good correlation between the temperature profile predicted by

the model and the actual measured profile. For this test the model predicted that
83% reduction would have been achieved at a production rate of 19 kg Fe/m2/h.
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Figure 54:

Comparison between model prediction and experimentally measured

temperature profiles of solids bed for a tests done with material containing 0% pre-

reduced iron ore at a production rate of 20 kg Fe/m?/h.

Figure 54 shows a fair correlation between the temperature profile predicted by the

model and the actual measured temperature profile.
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Figure 55: Comparison between model prediction and experimentally measured
temperature profiles of solids bed for a tests done with material containing 0% pre-

reduced iron ore at a production rate of 55 kg Fe/m?/h.

Figure 55 shows the comparison between the temperature profile predicted by the
model and the temperature profile that was measured during the test. The slope of
the measured profile is slightly more horizontal than predicted by the model. This is
ascribed to movement of the solids bed, due to large amounts of gas being

generated below the bed.
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Figure 56:

Comparison between model | prediction and experimentally measured

temperature profiles of solids bed for a tests done with material containing 50% pre-

reduced iron ore at a production rate of 18 kg Fe/m?/h.

Figure 56 shows a good correlation between the temperature profile predicted by

the model and the measured temperature profile.

reduction achieved at the bottom of the solids bed.
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3.4.4 Prediction of extent of reduction achieved.

From the previous paragraph it is evident that model predictions were similar to
experimental measurements. The model was therefore used to predict the extent of
reduction achieved at the bottom of the solids bed, for various degrees of reduction
achieved in the upper part of the solids bed. This was done for different production
rates, as shown in Figure 57. A “dead zone” temperature of 700°C was assumed for

these calculations,

Degree of reduction achieved at the
bottom of the solids bed as a function of
production rate
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Figure 57: Model prediction of reduction achieved at the bottom of the solids bed,

for various degrees of reduction achieved in the upper part of the solids bed.

Figure 58 shows the information of Figure 57 fitted onto Figure 29. Figure 58
therefore compares the degree of reduction achieved in the top part of the solids bed
with the total amount of reduction achieved at the bottom of the solids heap, as a

function of production rate.
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Figure 58: Anticipated degree of reduction achieved in the upper part of the solids
bed (when feeding 40 mm thick batches and with a freeboard temperature of 1500C)

as well as the amount of reduction achieved at the bottom of the solids bed.

At the Ifcon pilot plant facility steel was produced at a rate of 100 kg

Fe/mZ/h(10,13,16,17)

Figure 58 shows that the anticipated amount of reduction
achieved in the upper part of the solids bed was 34 % for a production rate of 100 kg
Fe/m?/h, and 49% at the bottom of the solids bed. At a production rate of 100 kg
Fe/m?/h, the ore is therefore not fully reduced when reaching the bottom of the
solids bed. This implies that final reduction in the Ifcon process did not occur as
solid-state reduction. Slag metal reactions therefore must be considered during

operation of the Ifcon process.

Since the aim is to achieve 90% reduction in the Ifcon process, the maximum degree
of reduction that will be achieved at the top of the sofids bed (for these specific
conditions) is about 75% at a production rate of 45 kg/m2/h. This is an extrapolated

value.
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3.5 Conclusions:

In response to technology drivers in the iron and steel industry, various direct
reduction- and direct smelting processes were developed. One of these is the Ifcon

process, which produces liquid crude steel directly from raw materials.

The reduction rate is significantly increased when the exposure temperature is
increased. The presence of volatile matter (in the coal) also increases the rate at

which reduction is achieved.

When selecting the optimum feed materials for the process, ore and coal should not
only be selected according to chemical composition but also according to CO
reducibility and CO, reactivity. The effect of these parameters on the overall

reduction rate is however limited.

The degree of reduction achieved at the bottom of the solids bed (with the current
material mixture) depends on the following factors:

» the rate constant of the reduction reaction.

» The thermal conductivity of the solids bed.
the temperature of the metal bath.

Y

» the production rate .
the degree of reduction achieved in the upper part of the solids bed.

\a

At a production rate of 100 kg Fe/m?/h the ore is not fully reduced at the bottom of
the solids bed. At this production rate solid-liquid-state reduction accounts for
approximately 41% of the total reduction achieved, assuming a final degree of
reduction of 90%.

The above only gives insight to the extent to which reactions occur in the solids bed
of the process. In order to comment on the final degree of reduction achieved (and
production rate), the rate and extent to which solid-liquid-state reduction occurs

must be taken into account.
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A.1. Calibration of rotameters

Calibration of the rotameters, was done with a Bunsen tower. The technique is based on
the movement of a frictionless piston by the gas entering a vessel and measuring the
time needed to displace a certain volume as indicated by the piston. The Bunsen tower
employs a soap bubble moving upwards through a graduated burette. The soap bubble is
the frictionless piston, implying that the pressure difference across the bubble is
negligible, and the burette is used to measure the volume. The time it takes a bubble to
travel along a certain length of the burette (corresponding to a certain volume) is
determined with a stop-watch and the flow rate is thus determined. The size of the
burette influences the linear velocity of the bubble and therefore affects the accuracy of
time measurement and ultimately the fiow rate measurement. Two Bunsen towers with
different sizes were used to measure different flow rates. For large flow rates a larger

burette (400cm3) was used, while a small burette (50cm3) was used for low flow rates.

A.2. Determining of the constant heat zone of the work tube

The temperature profile of the work tube was measured prior to the experimental runs.
The profile is simply the variation of temperature with vertical position in the tube and
indicates where the hottest area (with constant temperature) is located. Measurements
were done by replacing the scale, molybdenum wire and crucible arrangement with a
thermocouple. The thermocouple was lowered approximately 5 cm at a time, and held in
position for at least ten minutes, while recording the temperature on a recorder. This
procedure was repeated until the bottom of the work tube was reached. The temperature

profile is shown in
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Figure A 1: Temperature profile of the work tube that was used for thermo gravimetric
analyses.

A.3. Raw material preparation for TGA experiments

The feed materials for this investigation were similar to those used at the Ifcon pilot scale

facility. The materials that were used are listed in Table A 1.

Table A 1: Feed materials used during this investigation.

Feed Material Ore
Ore Iron ore fines (-10 mm) from Kumba’s Sishen mine

Iron ore fines (-10 mm) from Kumba’s Thabazimbi

mine
Coal Duff coal from Eikeboom Collieries
Duff coal from Leeuwpan Collieries
Dolomite Fine dolomite from Mooiplaas dolomite mine

Limestone Crushed sinter limestone from PPC Lime
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All the materials were air dried for 24 hours. The coal was crushed, using a roller crusher.
The gap of the crusher was set at 2 mm, and the material was fed slowly, to avoid choke
feeding. Each batch of material was screened into distinct size fractions and each size
fraction was weighed to obtain a size distribution for each batch of material. Note that
only ore smaller than 6.3 mm, and coal, dolomite and limestone smaller than 2 mm were
used. Oversize material was discarded. The screen analyses of the various feed materials
are shown in Table A 2.

Table A 2: Size distributions that were used as standards for material make-up.

Mass percentage of material (%)

Size fraction Ore Coal Dolomite | Limestone
- 6300pm + 4750pm 31.12
- 4750um + 3350um 20.62
- 3350um + 2800pm 7.50
- 2800pm + 2000pm 12.07
- 2000pm + 1400pm 7.75 43.49 13727 | 4973
- 1400um + 850pm 6.74 | 23.65 3208 | 1262
- 850um + 425pm 4.80 15.63 47.10 || 9.25
- 425pm + 212pm 2.05 17.23 5.88
-212pm + 106pm 1.42 7.05 6.20
- 106p'm ) 5.93 16.32
TOTAL (%) 100.0 100.0 100.0 100.0

These screen analyses were used as standard size distributions for all samples used
during the experiments. This means that samples from each material stream was made
up in such a way that the size distribution of a sample was similar to the distribution
listed in Table A 2. This ensured that the screen analyses of all the samples were
similar. For example, the screen analyses of the Thabazimbi ore was modified to be
similar to that of Sishen ore, and the screen analyses of the Leeuwpan coal was modified

to be similar to that of Eikeboom coal.

Part of the coal was air dried for 24 hours, after which it was charred at 1000°C. The

coal was charred until no further mass loss occurred. This was done by heating a 7 kg
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batch of coal, at such a rate that 1% mass loss occurred every 10 minutes. Charring was
done in a nitrogen atmosphere. After cooling, the char was screened and samples were
compiled so that the size distribution of each sample matched the size distribution of the
coal in Table A 2.

A.4. Composition of raw materials

Two samples of each type of material were compiled for chemical analysis. The moisture
content of the coal was determined by measuring the mass loss of the coal after air-
drying the coal for 24 hours. The total carbon-, hydrogen-, oxygen- and nitrogen content
of the coal was measured using a LECO analyser. The ash content of the coal and coal

char was determined by combusting the coal (or char) with oxygen at 900°C.

Two ore samples, two dolomite samples and two limestone samples were pulverised, by
milling each sample for 5 minutes in a pulverising mill. These samples as well as the ash
were analysed using ICP (inductively coupled plasma) analyses. The chemical
compositions of the ores and fluxes are shown in Table A 3 while the moisture-, ash-,
total carbon-, hydrogen-, oxygen- and nitrogen content of the coal and char are shown in
Table A 4 and Table A 5. The chemical compositions of the ash from the coal and coal

char are shown in Table A 6.
Table A 3: Average composition of ore and fluxes.

Raw material Units @ Fe,0; CaCO; MgCO; SiO; Alzoa' Total

Sishen ore fines % | 945 | 0.14 | 0.04 | 3.66 | 1.25 | 99.59
Thabazimbi ore fines | % | 94.1 | 045 | 0.29 | 3.91 | 0.69 | 99.43
Dolomite % | 0.72 | 53.36 || 42.47 | 261 | 0.17 | 99.33
Limestone % | 021 | 95.49 | 2.18 [ 1.13 || 0.17 || 99.17

Table A 4: Ash and moisture content of coal and char.

Raw material Moisture Ash

(%) (%)
Eikeboom coal 1.6 12.5
Eikeboom char 0.3 15.7

Leeuwpan coal 1.8 14.8
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Table A 5: Total carbon-, hydrogen, oxygen, and nitrogen content of coal and char.

Raw material Units C H 0 N | Ash Total
(%) (%) (%) | (%) (%) (%)

Eikeboom coal % 729 | 397 | 836 || 1.88 | 125 | 99.6
Eikeboom char % 82.1 Il 033 | 0.37 | 1.10 15.7 | 99.6
Leeuwpan coal % 71.6 3.58 7.58 1.80 14.8 99.3

Table A 6: Ash composition of coal and char.

Raw material Units Fe,05 Ca0O MgO SiO, ] Al;05 Total
Eikeboom coal % 4.61 2.06 0.52 51.9 | 349 | 94.0
Eikeboom char % 4.30 2.02 0.58 52.1 34.9 93.9
Leeuwpan coal % 1.48 14.1 3.24 38.2 30.2 | 87.2

A.5. Analytical techniques

Ore-, lime-, dolomite-, ash-, and slag analyses were done by ICP (inductively coupled
plasma) analysis. This method entails the melting of a known mass of the pulverised
sample with sodium peroxide and carbonate as fluxes. The glass obtained from the melt
is then dissolved in 20M hydrochloric acid. This solution is ionised in an argon plasma,
and the intensity of the ionisation wavelengths are measured. Each element has one or
more characteristic ionisation wavelengths and the measured intensities are recalculated
to obtain the concentration of each element in the sample. The concentrations of the
elements are expressed in terms of the most stable oxide (e.g. SiO;) or simply as the
concentration of the element in cases were the exact specie is not known (e.g. Fe which

can be in the form of Fe,03, Fes04, FeO, or metallic Fe).

The forms of iron (i.e. Fe®, Fe?*, Fe3*) were determined by wet chemical analyses. This
method entails the dissolution of metallic iron (from a pulverised sample) with 10M iron
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chloride (FeCl;). The FeCl; oxidises all the metal iron (Fe®) to Fe?* ions in solution. The
solution is then filtered. The Fe?* content, of the filtrated solution, is determined by
titration of the solution with potassium dichromate (K,Cr,0,), which oxidises the Fe?* to
Fe’*, while the Cr®* from the chromate is reduced to Cr’*. The titration yields the
metallic iron content of the sample. The filtration residue, which contains all the Fe?*
(originally present as FeQ), is dissolved in hydrochloric acid. The Fe®* content of this
solution is also determined by titration with potassium dichromate (K,Cr,07), which yields
the Fe?* content of the sample. Since the total iron content of the sample is known from
ICP analysis, the Fe3* content of the sample is calculated as the difference between the

total iron content, the Fe® content, and the Fe?* content.

The carbon and sulphur content of samples (excluding coal samples) were determined
using a LECO CS 400 analyser, while the carbon, hydrogen and nitrogen content of the
coal were determined with a LECO CHN 1000 analyser.

A.6. Raw material mixtures for TGA experiments

The mass ratio of coal to ore in the material mixture depends on the compositions of the
coal as well as the composition of the ore. For this reason the atomic ratio of fixed
carbon in the coal to reducible oxygen in the material mixture (further referred to as the
FC/O(reqy ratio) was calculated. The fixed carbon content of the coal was calculated from
the total carbon-, oxygen- and hydrogen content of the coal. It was assumed that all the

oxygen in the coal was present as moisturef'®

, while the hydrogen not associated with
this moisture was reported as methane. This means that the fixed carbon was calculated
as the difference between the total carbon content of the coal and the amount of carbon

associated with the volatiles (as methane). The same argument holds for coal char.

The reducible oxygen is the oxygen associated with Fe in the material mixture. This was
calculated from ICP analyses combined with the forms of Fe (discussed in Appendix
A.5).

The FC/Oeqy ratio gives a good indication of the carbon efficiency of the process. In the
Ifcon process, the carbon efficiency is determined by the CO/CO, ratio of the gas
generated in the solids bed, the amount of carbon oxidised on the surface of the solids

101317 The correct

bed and the amount of carbon that reports to the molten bath
FC/O(reqy ratio will result in just enough carbon at the bottom of the solids bed for
complete reduction. When this ratio is too high, excess carbon is present at the bottom

of the bed after reduction is completed. Most of this carbon will then dissolve into the
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metal, thereby increasing the carbon content of the metal. When the FC/Oq) ratio is too
low the material in the solids bed becomes depleted of carbon before reduction is
completed. This will result in the production of a slag with high FeO content, which is

associated with a low metal yield.

The material mixtures for the TGA tests were chosen so that the results of the
experiments could be compared to results from the pilot scale facility and other relevant

investigations(>19,

A.7. Calculation of degree of reduction achieved

Since the mass of the sample was recorded continuously during the test, the degree of
reduction achieved was calculated as a function of exposure time., Since exit-gas
analyses were not available the quantitative contribution of carbon monoxide, hydrogen

and hydrocarbons from volatiles, to the reduction reactions, was not known.

Two methods were used to calculate the degree of reduction achieved. The first method
assumed that reducible oxygen was removed as a combination of CO, CO, and H,O. The
CO/CO; ratio was taken as that corresponding to the equilibrium CO/CO, ratio for the
reduction of the oxide at 1000°C. 1000°C was an arbitrary estimate of the temperature
at which the gas would leave the sample (noting that actual temperatures were not
made). In addition, it was assumed that the volatiles acted as reductant, contributing to
the reduction reaction. Results obtained by using this method of calculation are shown in

Appendix C.2

The second method assumed that oxygen (excluding oxygen present as moisture and CO,
from calcination of MgCO;) was removed only as carbon monoxide. The method was
therefore based on the assumption that the outer surface of the sample heated up quickly
to temperatures above 1000°C, and that the CO/CO, ratio was in equilibrium with the
carbon on the outer surface of the sample. In addition, only the fixed carbon in the coal
was considered as a reductant. The results obtained using this method are presented in

Appendix C.3.

The following generic assumptions were made for both methods described above:

a) Ca and Mg in the limestone and dolomite were present as CaCO; and MgCO;

respectively.
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b) The analyses were done on dry basis and the difference between the total of the ICP
analyses and 100% represented elements not reported. The analyses were therefore
normalized.

¢) Oxygen in the volatiles was present as H,0.

d) All hydrogen not accounted for as H,O was present as CH,.

e) The difference between the total carbon and carbon present as CH, resulted in the
fixed carbon content of the coal.

f) Calcination of MgCO; were completed before reduction started.

g) Calcination of CaCOj; only started once reduction was completed.

With both methods the degree of reduction achieved was calculated as a function of the

exposure time.
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B.1. Thermal conductivity correlations

The thermal conductivities of the iron oxide and carbon (with units W/m/K) was

expressed as follows:

K=1/(AT+8) (B.a)

where A and B are constants shown in Table B 1.

Table B 1: Constants for calculation of thermal conductivities, with Tmax Signifying the

maximum temperature over which the first set of values in the table (for A and B) are

valig39
Parameter Iron oxide as O:Fe ratio Carbon
1.5 1.33 1.0
A 1.84x10-04 1.69x10-04 2.34x10-04 | 0
£ 0 0 0.1136 3.846
Tmax (K) 912 906 825 1600
A 8.32x10-05 2.97x10-06 0 0
B 9.24x10-02 0.1508 0.3062 3.846

Thermal conductivities for iron, the gas phase, lime and calcite(with units: W/m/K) was

expressed as follows:

K=AT?+BT+C (B.b)

where A,B and C were constants shown in Table B 2.

Table B 2: Constants for calculation of thermal conductivities®®®,

Constant Fe Gas phase cao ~ caCo3
A 4.30x10-05 = -2.46x10-08 0 | 0
B -1.08x10-01 8.75x10-05 g ] 0

C 1.02x1002 2.05x10-03 g 1
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B.2. Equilibrium constants

Expressions used to calculate equilibrium constants are presented in Table B 3.

Table B 3. Thermodynamic data used in model calculations?,

Reaction

3Fes05 + CO = 2Fe 0, + CO, (above 564°C)

3Fe,053 + Hy = 2Fe 04 + H,0 (above 564°C)
Fe;04 + CO = 3FeO + CO, (above 564°C)
Fe;0; + H; = 3Fe0 + H:0 (above 564°C)

FeO + CO = Fe + CO, (above 564°C)

FeO + H; = Fe + H,0 (above 564°C)
0.25Fe;04 + CO = 0.75Fe + CO; (below 564°C)
0.25Fe;04 + H; = 0.75Fe + H;0 (below 564°C)

CO, + C = 2CO
H,O + C=CO+ H,

B.3. Enthalpy values

The enthalpy expression that was used was as follows:

H=A+BT

Expression for equilibrium
constant

pCO2/pCO = 10¢3-8865-816.29/T)
pCO2/pCO = 10(2-2523-2034.9/T)
pCO2/pCO = 10(0.6601.-270.33/1)
pH20/pH2 = 1((2.2523-2034.4/T)
pCO2/pCO = 10f-1-2239+ 1031.9/T)
PH20/pH2 = 10(0-4404 -806.56/T)
pCO2/pCO = 1003653+ 412.2/T)
pH20/pH2 = 1{1.7157 -1706.95/7)
(pCO)2/pCO = 10142423 -9016.9/T)
pCO pH20/ pCO = 101424224 -7009.2/m)

{(B.c)

Where H was the enthalpy (with units: J/mol), A and B were constants, and T was the
absolute temperature (with unit: K). Values used for A and B are presented in Table B

4.
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Table B 4: Values used for the calculation of enthalpies®®,

_A@/mol) ][ B@/moik) ]

FeO, A -435685 | 73.25

NN e
FeO: 33 e ) |

i R Y [ T
;| 120780 | 32.33 |

-254775

CH, ] -99500 | 65.58

B.4. Rate constants used in calculations
Rate constants and activation energies used for model calculations are presented in
Table B 5.

Table B 5: Rate constants and activation energies used for model calculations®?,

[ "W”wiiéactnon |_ko (m3/kg s) || EA (3/mol) |
{ 3Fe;,05 + CO = 2Fe;04 + CO, (above 564 56213(:_) T ] 30 | 69648

| 3Fe;05 + H, = 2Fe;0, + H,0 (above 564°C) "'7 [ __133 | 54048 1]
( Fe;04 + CO = 3Fe0 + CO; (above 564°C) | 30 | 69648 |

Feéé: + H; = 3Feo + H,0 (above 564°C) | | 54048

FeO + CO = Fe + CO, (above 564°C 76887

é = Fe +'ﬁa?)' (above 564°C2 |_—55414
o0 e
1932 57053___|

45780 | 172401 |

Devolatlllsatlon first ste, 1.81x105 74000

8.99x108 157000
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B.5. Default conditions for model calculations

Default conditions regarding used during model calculations are presented in Table B 6.

Table B 6: Default conditions for model calculations®®.

Parameter Value
Furnace temperature 1473 K
~ Initial Fe content of the mixture ¥ 729 ké Fé/?n3

. Initial fixed carbon content of the mixture 274 kg C/kg Fe

 Volatile content (mass basis, ash free) 23%
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C.1. Summary of experimental results

A summary of experimental data from the TGA tests that was used to calculate extent of
reduction achieved as a function of time are presented in Table C 1 to Table C 3 below.

Tabel C 1: Experimental results for base mixture

Base mix 1 51100°Ci I Bas -°_ | Base mix 3 (1100C
' BT T T T T T
() L& 1 _© I—gsf 1o | (s) @ 1
o J 862 Jl o I ssos J[ o | ss.98 ] JL_ss.36_1
ios | sars | ioi | seas | ivs | saso | io | emos ]
——rm 5 9s—|r—1rm§:1—m
311 gos3 312 J s204 ] || _80.28 |—m
|[ 78.98 | 416 | 8045 | 4 L7879 415 |w
—mL.__AL____ive 19 TN TR
e T

e | rsai | ess | seas | sss | ars | s | 72|
932 | 7445 || 937 | 7583 | 932 [ 7407 ] 936 1 77.22 ]
o | 7ase | soss | 750 | 103 | 7ase | tow | 7eer |
1139 ] 7342 J| 1144 | 7483 [ 1135 ] 73.08 ] 1143 ] 76.06 ]
1202 | 7209 | 1268 | a2 | 1263 | 7268 | 1247 | st |
e 7265 |13 | reso | as6 | 7o55 | iss1 | ssar |
1448 [ 72.34 | 1455 | 73.83 | 3120 J[ 70.37 ]| 1454 | 7485 ]
1552 7207 N 1556 | 7361 ][ 3225 J[ 69.34 J[ 1558 | 7455 ]
N T T e e

50 | s | sz | | | s J 7sso ]
za.36 | _toze | 7302 N L JL_197 1971 |
T W LSRR L

m T 75— — 8 32T
7 o T Y S N -
0| 7009 | 7 R WS M | T e
[2sse [ 7088 J[ se7 | a0 | J_ ] 2ses | 730 |
BT ST T T [ - 5
[~ il R e e T e
mm 3029 | 7247 ] ] |[ 3002 || 73.64 ]
:!:J il il l["”___lwm
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Tabel C 2:

mixture containing Leeuwpan coal.

{ Thabazimbi ore 1

Leeuwpan coal 1

~ Leeuwpan coal 2

1100°C 1100°C 1200°C

_Time | Mass | Time | Mass | Time [ Mass |
L I @ | = 1 @ | ¢ | (@ |
o Jsses Lo J I o ] s8]
105 88.61 104 T 86.48 | 103 _I} Wll
200 ] ss61 | 208 | ss.09 | 207 | 8242 |
ge.e1 | 312 ] 8373 | 311 ] soes ]
: 416 | 8250 || 414 | 7933 |

520

| 8155 |l si8 I 7836 |

88.26 | 625 | 8072 | 621 | 77.51 |

—f?en i [ 1 79.94 | |_76.80 ]
831 | 8392 | ’832 [_79.25 | szr][ 76.15_|
935 | 8222 | 936 | 78.60 ]l 931 | _7s. sﬂl

1246 ji 78.70 | 1247

1039 | s8o.80 | 1040 | 77.99 | 1035 |gsos ]
(1142 | 7s.65 | 1143 ] 77.42 ] 1138 74.59 |

1349 ] 77.90 ] 1350

1 7693 I 1242 [ 7415 |‘

76.49 | 1345 |W381 |

L1453 | 77.22 ]

1454

|_7e.10 J_14e5 ][ 7351 ]

1557 | _76.62 1557 || 75.74 ] 1552 |! 73.21

|
1660 J[ 76.12 ][ 1e61 || 7543 J| 1655 J_72.93 ]
i

1763 IJ' 75.68 I

1764

75.15 jD?S_I 7269 ]

L1866 _J 7530 [ 1867 | 7488 | 1862 | 7250 |

1970 | 74.97 |i

1970 ] 74.64 | 1965 | 7230 |

2073 || 74.67 | 2074 | 74.44 J__2068_]J[_72.15 ]

[2176 | 7441 | 2177 | ﬁi"‘
22 | 7420 |

2280

7425 2171 ] 720_|‘
 74.08 | 2274 |F3i§9 |

2383 | 74.00 | 2384

2486 | 73.83 | 2487

_73.94 | 2377 _]_71.78 1|

73.79 ] 2480 | 71.68 |

2589 ]| 73.71 | 2590 | 73.67 J| 2583 | 71 51j|

L2692 ] 7350 ] 2603 | 73.56 J 2686 J[ 71.51 | 1

2795 | 7350 [ 2796 |

_73.47 | 2790] 71.46

2898 | 73.40 | 2900 | 73.38 | 2893 | 7141 |
_73.33 | 3002 | 73.31 | 2996 | 71.36 |’
[ 3105 ] 73.27 ] 3106 ] 73.24 ] 3099 ] _71.32 |

‘ 3208 I 73.21

3209

' 7318]

[ 3311 J[ 73.16 ][ 3312 | zziz L1 __]‘
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Tabel C 3: Experimental results for mixture containing Sishen ore with particle sizes as

follows: +425 -850 ym, +1400 -2000 ym, +4750 -6300 ym..

+212 -425 pm +1400 -2000 pm || +4750 -6300 pm
1200°C 1200°c (1zoo°C)

__Time || Mass || Time | Mass | Time | Mass |

E:I_IIEEIJI_]EE;E@
N | WI(—_I' 89.22 | o | 8582 |
104 84.44 | I 8753 I 104 [ 8439 ]
208 | 8226 | 208 | 8530 | 207 | 8242 |

312 | soss | 312 | s340 | 310 | s0es |

w15 | 7905 | 416 | s190 | 413 | 7933 |
519 1 77.90 I[_szo J_so067 J_ 516 ] 7835 |
623 || 76.95 | 7950 J_ €19 [ 77.51 ||

7533 | 831 ] 77 goJ szsjm

!—_93___|L 74.69 ||——9FJ 77.22 928 ] 7558 ]
1037 [ 7411 J_1039 | 76.63 | 1032 ] 75.05 ]

a0 | 7363 | 1w | 7615 | 1135 |
1243 J[ 73.20 I 1246 J[ 7573 | 1238 | 74.19 1]

1346 ] 7282 ] 1350 J 7538 J[ 1341 J 7381 |

1450 ] 7250 | 1453 ][ 75.06 ][ 1445 ] 7351 ]
1553 || _72.22 | 1557 | 7482 | 1548 ] _73.21 ]

1656 ] 7194 [ 1660 J[ 7460 J 1651 J[ 72.93 |
1760 | _71.71 ][ 1763 | 7443 | 1754 | 72.69 ]
1863 J_71.51 | 1867 | 7430 J 1857 | 72.50 ]

1967 | 7133 | 1970 J 7418 J 1960 | 7230 |
2070 | 7117 | 2074 | 74.08 | 2064 [ 7215 |

2173 [ 7108 J 2177 | 74.00 J 2167 J[ 72.01 ]

2276 | 70.93 l 2280 I 73.93 2270 I 71.89 l

[ 2379 ][ 7083 | 2383 | 7387 | 2373 ] 7178 |'

2483 | 7074 | 2486 | 7382 | 2476 | 71.68 |
[ 2586 | 70.67 || 2580 ] 73.77 | 2579 | 71i.61 |
70.62_J_2693 J_73.73 | 2682 ] 7151 |
2701 1 7058 ] 2796 I 73.69 | 2785 | 71.46 |
2895 [ 7054 | 2500 | 73.65 |l 2888 | 7141 |
2008 | 7051 | 3003 | 7362 J 2952 | 7136 ]
3101 | 7048 [ 3106 | 73.59 [ 3095 | 7132 |
L7046 J[ 3210 [ 7356 J_
_3307_J[ 7044 [ 3313 | 7354 [ '*l'f |[

I[

Iﬂ

:

EJ
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C.2.

Apparent degree of reduction achieved illustrations (I)

% Reduction vs Reaction time
(testing repeatability of resuits at 1100°C and 1200°C)
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Figure C 1: Reduction rate of two runs with the base mixture exposure to 1100°C and
two runs with the base mixture exposure to 1200°C, showing the repeatability of results.

% Reduction vs Reaction time
(changing type of ore)
70% v
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. exposed 10 1200°C ‘ :
60% - " [Mixture conlaining Thabazimbi ore, |
exposed to 1100°C

T 50% L — —
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c
o
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2
C)
& 20% 1
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0% - ; -
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Figure C 2: Reduction rate of base mixture and a mixture contalning Thabazimbi fine
ore exposed to 1100°C and 1200°C.
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Figure C 3. Reduction rate of base mixture and a mixture containing various size
fractions of Sishen ore during exposure to 1200°C.
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Figure C 4: Reduction rate of base mixture and a mixture containing various size
fractions of Sishen ore during exposure to 1100°C.
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Figure C 5: Reduction rate of base mixture and a mixture containing Leeuwpan coal
exposed to 1100°C and 1200°C.
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Figure C 6: Reduction rate of base mixture and a mixture containing Thabazimbi fine
ore exposed to 1100°C and 1200°C.
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Figures C 1 to €6 show the apparent degree of reduction achieved calculated according
to the procedure presented in Appendix A.7. The figures show that reduction only
started after approximately 2 minutes. This is a result of the assumption that
calcinations of MgCGC, is completed before reduction starts. However the results support
the findings of paragraph 2.4. These calculations were based on the assumption that
volatiles contribute to the reduction reaction and that both CO and CO, formed as
reduction products. The CO/CO, ratio of the product gas was calculated as the CO/CC; in
equilibrium with iron oxide. This is the one limit regarding the extent of reduction

achieved.
The other [imit is when calculations are based on the assumption that volatiles do not

contribute to reduction and only CO forms as gaseous product (due to reducticn). The
results when using this approach are presented in Figures € 7to C 12 in Appendix C.3.
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C.3. Apparent degree of reduction achieved illustrations (II)
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Figure C 7: Reduction rate of two runs with the base mixture exposure to 1100°C and

two runs with the base mixture exposure to 1200°C, showing the repeatability of results.
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Figure C 8: Reduction rate of base mixture and a mixture containing Thabazimbi fine
ore exposed to 1100°C and 1200°C.
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Figure C 9: Reduction rate of base mixture and a mixture containing various size
fractions of Sishen ore during exposure to 1200°C.
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Figure C 10:Reduction rate of base mixture and a mixture containing various size
fractions of Sishen ore during exposure to 1100°C.
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Figure C 11:Reduction rate of base mixture and a mixture containing Leeuwpan coal
exposed to 1100°C and 1200°C.
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Figure C 12:Reduction rate of base mixture and a mixture containing Thabazimbi fine

ore exposed to 1100°C and 1200°C.
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The results that are shown in Figures € 7 to C12 show the apparent degree of reduction
achieved calculated according to the procedure presented in Appendix A.7. These
calculations were based on the assumption that volatiles did neot contribute to the
reduction reaction and that only CO formed as reduction products.

The results shown in Appendix C.2 and Appendix C.3 complimented each other , and
confirmed results presented from paragraph 2.4. Note that the time before reduction
starts is longer when reduction by volatiles are not accounted for, since the initial mass
loss accounts for calcinations of MgCO; and loss of volatiles (without reduction occurring),
It should therefore be kept in mind that the results presented in Appendix C.2 and
Appendix C.3 are not fundamental reduction rates but rather apparent reduction rates

based on specific sets of assumptions.
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D.1 Calculation of gas flow rates to overcome mass transfer
control

For the fluidization tests, flow rates were selected according to the following

requirements3®

» The flow rate must be at least equal to the minimum flow rate required for
fluidisation.

» The minimum fluidisation flow rate should be less than 12 I/min (due to
equipment restrictions).

» The mass transfer constant for fluidisation must be at least 10 times the chemical

reaction rate constant at the experimental temperature.

D.1.1 Calculation of required flow rate for fluidisation
The minimum fluidisation velocity required for each size fraction at the experimental

temperature was calculated using the following equation: %

2

112
b d? (p, - )
U,y =|| (33.7)7 +0.0408 PP p’ Pe g] _33_7J'u

U d,p, (D-2)

where uns is the minimum fluidisation velocity (with unit: m/s), ps is the solids density
(with unit: kg/m?), pg is the gas density (with units: kg/m?), u is the gas viscosity (with
units: kg/ms), d, is the particle diameter ( with unit: m), g is gravitational acceleration
(9.81 m/s?), kg is the gas phase mass transfer coefficient (with units: m/s), D is the
binary diffusivity of A in B (with units: m/s?), Re is the Reynolds number, Sc is the

Schmidt number, and Sh is the Sherwood number.

The diffusivity in the binary gas systems was calculated as follows:

A-8
A

_[axiohyrE Fe ]
Pt +viHE M, M, 100 (D.b)

Where T is temperature (with unit: K), P is pressure (0.86 atm),v, is the diffusion volume
of specie A (with unit: m?®) and M, is the molecular weight of specie A (with unit: g/mol).

The gas phase mass transfer coefficient was calculated as follows:
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— dppgumf
u (D.c)

Re

The Reynolds number and Schmidt numbers were used to calculate the Sherwood

number from the following equations:

Sc=—H
pgDA—B

For 0.1 < Re >15:
Sh=0.374Re"* S¢''?

(D.d)

For 15 < Re >250:
Sh=201IRe"?5c'"?

(D.e)

The Sherwood number is then used in the following equation to calculate the gas phase
rmass transfer coefficient:
k.d,
D, g (D.f)

Sh=

For the minimum fluidisation velocity and the reactor diameter of 25 mm a minimum
fluidisation flow rate was calculated by multiplying the reactor cross sectional area with
the minimum fluidisation gas velocity. The gas phase mass transfer coefficient for the
minimum fluidisation velocity was then calculated, and this coefficient was compared to
the chemical reaction rate constant. If the gas phase mass transfer coefficient was more
than ten times larger than the chemical reaction rate constant, the experimental gas flow

was assumed sufficient to overcome gas phase mass transfer control.
Only small particie were fluidised. Calculations showed that the gas flow rates required

to overcome mass transfer control for the large particles were less than the gas flow rate

required for fluidisation of the large particles.
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The experimental conditions used for determining the rate constant of each size fraction
are shown in Table D.1 and Table D.2.

Table D 1.

950°C and 1000°C

Gas flow |

Experimental conditions for ore Reduction with CO gas at 800°C, 900°C,

Size { Gas flow !,_ Gas flow | Gas flow |[ Fluidise/Pa |
Fraction } rate for il rate for rate for rate for cked bed
(um) . 800°C 900°C 950°C 1000°C
i (I/mm) @ | (/min)@ | (i/min)@ | (1I/min) @
STD STD STD
e ———— e | s e P
‘ -212 +106 E 0.45 E; 0.39 0.37 I 0.35 I Fluidise
_300 #4212 ‘f 078 §|  0.65 T e NE_I{ " Fluidise |
-850 +425 | 4.11 1} 3.63 3.42 | - 350 Ii Fluidise
-2800 +2000 |  1.80 §| © 1.80 180 | 180 Ii Packed
|y b
-6300 +4750 | 1.80 ‘% 1.80 | 1eo l 1.80 I{ “Packed
e W—!J L = =il ds—!_x:—}-m e L s

Table D 2:

900°C, and 950°C.

e T S ——

Experimental conditions for char gasification with CO, gas at 800°C, 850°C,

| size | Gas flow | ‘Gasflow | Gasflow | Gasflow | Fluidise/Pa
. Fraction rate for ;i rate for rate for | rate for cked bed
~ (um) | 800°C | 850°C | 900°C | 950°C
| (I/min) @ | (I/min) @ | (/min)@ | (I/min) @ |
| sm | s STD | STD
___'_____ u —— = el mes = R T =% = == |
1-212 +106 || 0.1 | 0.1 0.1 I I Fluidise |
L-L-r—!!m-w e e e e — I
[-425+212 | 0.5 [ 04 0.4 0.4 Fluidise I
e s l S S —— m {
-850 +425 s | 3= 1.6 [ i Fluidise |
2000 +1400| 78 | 75 | | 6.8 _] Fluidise
il sttt ettt —l
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D.1.2 Determining of required flow rate for packed bed

For the packed bed experiments, the required flow rate had to be determined
experimentally. For this, reduction tests were repeated at the maximum temperature
(1000°C) and the flow rate was increased during each test. The minimum flow rate for
which the reduction/gasification rate became independent of gas flow rate was the
minimum flow rate that was used for the specific set of experiments. This gas flow rate
was then used for all of the experiments in the particular size fraction material. Figure D

1 shows the results of the above procedure done for CO reducibility of the ore.

Figure D 1: Minimum CO flow rate required for iron ore reducibility tests — Stagnant
bed
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D.2 Summary of kinetic data

This paragraph presents the raw experimental data of the kinetic study.

Table D.1: Kinetic data for reduction of -212 +106 um Sishen ore particles with CO gas.

900 °C 950 °C 1000 °C
Time (s) | Mass(g) | Time(s) | Mass(g) | Time(s) | Mass(g)
-117 5.766 -150 5.718 =75 5.616

33 5.656 0 5.718 75 5.376
183 5.306 150 5.378 225 4.936
333 4.976 300 5.028 375 4.606
483 4.696 450 4.728 525 4.326
633 4.446 600 4.448 675 4.066
782 4.246 750 4.208 825 3.876
932 4.106 900 4.038 974 3.726

1082 3.976 1050 3.888 1124 3.606
1232 3.856 1200 3.758 1274 3.486
1382 3.748 1350 3.648 1424 3.396
1532 3.646 1500 3.538 1574 3.276
1682 3.566 1724 3.196
1832 3.456
1982 3.336
2132 3.246
2282 3.166

Fraction reacted

Reduction profiles of +106pm -212um ore particles at various temperatures
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Figure D 2: Fraction of reducible oxygen removed as a function of reaction time during

reduction of Sishen ore particles (in the size range -212um +106um) with CO gas.
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Table D.2: Kinetic data for reduction of =300 +212 um Sishen ore particles with CO gas.

800 °C 900 °C 950 °C 1000 °C
Time (s) Mass (g) | Time(s) | Mass(g) | Time(s) | Mass(g) | Time(s) | Mass(g) |
15 5.607 105 5.205 0 5.667 (&) 5.751
165 4.797 255 4.655 150 5.007 153 5.101
315 4.367 405 4.265 300 4.517 303 4.511
465 4.097 555 3.995 450 4.127 453 4.061
615 3.897 705 3.795 600 3.847 602 3.741
765 8717 855 3.625 750 3.617 752 3.481
915 3.567 1005 3.445 900 3.407 902 3.241
1065 3.397 1155 3.255 1050 3.217 1052 3.001
1215 3.247 1305 3.095 1200 3.027 1202 2.791
1365 3.097 1455 2.945 1350 2.837 1352 2.581
1515 2.957 1605 2.755 1500 2.647 1502 2.381
1665 2.807 1755 2.605 1650 2.467 1652 2.191
1815 2.677 1905 2.475 1802 1.891
1965 2.547 2055 2.315
2115 2.417 2205 2.155
2265 2.307 2355 2.025
2505 1.905
Reduction profiles of +212um -300um ore particles at various temperatures
1.00
0.90
0.80 -
i
T 070 4
P
c 060 -
=
T 050
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«
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= .+ 950°C
0.10 1 & 1000°C
0.00 ‘= . , .
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (seconds)

139

Figure D 3: Fraction of reducible oxygen removed as a function of reaction time during

reduction of Sishen ore particles (in the size range -300um +212um) with CO gas.
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Table D.3: Kinetic data for reduction of -850 +425 pym Sishen ore particles with CO gas.

850 °C 950 °C 1000 °C
Time (s) | Mass(g) | Time(s) | Mass(g) | Time(s) | Mass (g)
0 5.653 90 4871 | 59 5167 |
50 5.323 240 4.131 209 4.187
100 4.983 390 3.701 359 3.547
150 4.703 540 3.261 509 2.957
200 4.513 690 2.831 659 2.407
250 4.353 840 2.391 808 1.967
300 4,203 990 1.951 959 1.617
350 4.073 1140 1.611 1109 1.397
400 3.963 1290 1.351 1259 1217
450 3.863 1439 g I 7| 1409 1147
500 3.763 1589 1.041 1559 1.047
550 3.683 1739 0.981 1709 0.997
600 3.583 1859 0.957
650 3.513
700 3.423
750 3.313
800 3.263

Reduction profiles of +425um - 850pym ore particles at various temperatures

1.00

0.80

Fraction reacted

[« 8o0°C
| = 900°C
|« 950°C

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (seconds)

Figure D 4: Fraction of reducible oxygen removed as a function of reaction time during
reduction of Sishen ore particles (in the size range -850um +425um) with CO gas.
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Table D.4: Kinetic data for reduction of -2800 +2000 pym Sishen ore particles with CO gas.

800 *C 850 °C 850 °C
Time (s) Mass (g) | Time(s) | Mass(g) | Time(s) | Mass (g)
98 5.570 105 5.450 _ 66 5.396 |
248 5.150 255 4.890 166 4.836
398 4.830 405 4.490 266 4.376
548 4610 555 4.200 366 3.936
698 4.430 705 3.930 466 3.566
848 4.260 855 3.680 566 3.226
998 4.110 1005 3.410 666 2.926
1148 3.980 1155 3.170 766 2.666
1298 3.850 1305 2.940
1448 3.720 1455 2.700
1598 3.580 1605 2.490
1748 3.440 1755 2.270
1898 3.360 1905 2.070
Rates of reduction of +2000ym - 2800ym ore particles at various
temperatures
1.00
0.90 -
0.80
b
g 070
3
c 080
2
g 050
'S
040
0.30 1
0.20 * 800°C
+900°C
0.10 = | & 1000°C
0.00 1=£ - |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (seconds)
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Figure D 5: Fraction of reducible oxygen removed as a function of reaction time during

reduction of Sishen ore particles (in the size range -2800um +2000um) with CO gas.
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Table D.5: Kinetic data for reduction of -6300 +4750 um Sishen ore particles with CO gas

Time (seconds)

800 o 850 °C 950 °C 1000 °C
Time (s) Mass (g) | Time(s) | Mass(g) | Time(s) | Mass(g) | Time(s) | Mass (g)_
95 5.537 75 5717 90 5.416 75 5.427
245 8117 225 5.317 240 4.696 225 4.687
394 4.827 375 4.977 390 4.196 375 4.157
544 4.557 525 4.587 540 3.786 525 3.707
694 4,327 675 4,337 690 3.416 675 3.257
844 4117 825 4.197 840 3.086 825 2.837
994 3.927 975 3.967 990 2.766
1144 3.777 1125 3.737 1140 2.496
1294 3.607 1275 3.527 1290 2.226
1444 3.447 1425 3.377 1440 2.006
1594 3.307 1575 3.127 1590 1.736
1744 3.167 1725 3.017 1740 1.536
1894 3.027 1875 2.807 1890 1.366
2044 2.907 2025 2.637 2040 1.226
2194 2.787 2175 2.497 2190 1.056
2344 2.667 2325 2.407 2340 0.926
2475 2.207 2490 0.786
2625 2.087 2640 0.696
2775 1.967 2790 0.596
2925 1.807 2940 0.526
3075 1.647 3090 0.446
3225 1.547 3240 0.436
3375 1.437 3390 0.366
3525 1.397 3540 0.336
3675 1.297 3690 0.276
Reduction profiles of +4750pym -6300um ore particles at various
temperatures
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Figure D 6: Fraction of reducible oxygen removed as a function of reaction time during
reduction of Sishen ore particles (in the size range -6300uym +4750um) with CO gas.
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Rates of reduction of +106um -212um ore particles at various temperatures
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Figure D 2: /n (1-Fraction of reducible oxygen removed) as a function of reaction time

during reduction of Sishen ore particles (in the size range -212um +106um) with CO gas.

Rates of reduction of +212um -300um ore particles at various temperatures
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Figure D 3: In (1-Fraction of reducible oxygen removed) as a function of reaction time
during reduction of Sishen ore particles (in the size range -300pm +212pum) with CO gas.
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Rates of reduction of +425um - 850um ore particles at various temperatures
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Figure D 4: In (1-Fraction of reducible oxygen removed) as a function of reaction time
during reduction of Sishen ore particles (in the size range -850um +425um) with CO gas.

Rates of reduction of +2000xm - 2800ym ore particles at various
temperatures
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Figure D 5: In (1-Fraction of reducible oxygen removed) as a function of reaction time
during reduction of Sishen ore particles (in the size range -2800um +2000um) with CO

gas.
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Rates of reduction of +4750um -6300um ore particles at various
temperatures
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Figure D 6: Fraction of reducible oxygen removed as a function of reaction time during

reduction of Sishen ore particles (in the size range -6300um +4750um) with CO gas.
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D.3 Calculation of rate constant and activation energy

Table D.6: List of rate constants and activation energies calculated from experimental
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Appendix D: Reduction rate data

data for degrees of reduction between 0% and 30%.

0 to 30% reduction

Values of k¢
Particle size 1/Temperature
range 0.00093 | 0.0008¢ [ 0.00085 | 0.00082 [ 0.0007¢
+106 -212 9.2E-04 1.1E-03 1.3E-03
+212 -300 1.63E-03 1.8E-03 1.9E-03 2.0E-03
+425-850 2.17E-03 3.2E-03 3.7E-03
+2000-2800 7.4E-04 1.5E-03 2.9E-03 [ 3.0E-03
+4750-6300 9.6E-04 1.3E-03 21E-03 | 2.6E-03
Values of In k¢g
Particle size 1/Temperaiure
range 0.00083 | 0.00083 | 0.00085 | 0.00082 | 0.00079
+106 -212 -86.99 -6.79 -6.62
+212 -300 -6.42 -6.30 -6.25 -6.19
+425-850 -8.14 -5.76 -5.59 0.00
+2000-2800 -7.21 0.00 -5.81
+4750-6300 -6.95 -6.66 -6.16 -5.94
Interpolated values for In kgg
Particle size 1/Temperature
range 0.00083 | 0.00089 [ 0.00085 | 0.00082 [ 0.0007%9
+106 -212 -7.424 -7.195 -6.986 -6.795 -6.617
+212 -300 -6.417 -6.355 -6.299 -6.245 -6.194
+425-850 -6.135 -5.938 -5.759 -5.591 -6.081
+2000-2800 -7.209 -6.494 -6.156 -5.845 -5.805
+4750-6300 -6.948 -6.664 -6.402 -6.161 -5.937
Values of In kyand EA
Particle size ko EA
range (m3/s/kg Fe) (J/mol)
+106 -212 0.10136 45808
+212 -300 0.00676 12667
+425-850 0.00305 3069
+2000-2800 5.61481 79708
+4750-6300 0.59653 57374
Average values for In k¢q
Particle size 1/Temperature
range 0.000€3 | 0.00089 [ 0.00085 | 0.00082 [ 0.00079
Average -6.96104( -6.552775| -6.283238| -6.035427| -5.965703
Average value of In kg and EA
ko EA
(m3/s/kg Fe) (J/mo})
[Average 0.53488 56520
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Appendix D: Reduction rate data

data for degrees of reduction achieved between 30% and 80%

Values of kqqo

30 to 80% reduction

Particle size 1/Temperature
range 0.00083 | 0.00089 | 0.00085 | 0.00082 | 0.00079
+106 -212 4.9E-04 | 5.4E-04 | 5.9E-04
+212 -300 7.28E-04 1.0E-03 | 1.2E-03 | 1.3E-03
+425-850 1.18E-03 2.1E-03 2.7E-03
+2000-2800 4.86-04 | 1.3E-03 3.1E-03 | 3.2E-03
+4750-6300 5.86-04 | 8.8E-04 1.8E-03 | 2.5E-03
Values of In k¢q
Particle size 1/Temperature
range 0.00093 | 0.00089 | 0.00085 | 0.00082 | 0.00079
+106 -212 -7.62 -7.53 -7.44
+212 -300 -7.23 -6.90 -6.75 -6.61
+425-850 -6.74 -6.17 -5.92 0.00
+2000-2800 -7.64 0.00 -5.78 -5.74
+4750-6300 -7.46 -7.04 -6.30 -5.97
Interpolated values for In kqq
Particle size 1/Temperature
range 0.00093 | 0.00088 | 0.00085 | 0.00082 | 0.00079
+106 -212 -7.835 -7.722 -7.619 -7.525 -7.437
+212 -300 -7.225 -7.053 -6.895 -6.748 -6.610
+425-850 -6.743 -6.445 -6.174 -5.921 -6.658
+2000-2800 -7.639 -6.657 -6.201 -5.783 -5.743
+4750-6300 -7.457 -7.039 -6.654 -6.300 -5.972
Values of In kg and EA
Particle size ko EA
range (m3/s/kg Fe) (J/mol)
+106 -212 0.00497 22581
+212-300 0.03647 34920
+425-850 0.00202 4786
+2000-2800 84.22366 107707
+4750-6300 7.35639 84331
Average values for In Kgg
Particle size 1/Temperature
rangs 0.00093 | 0.00089 | 0.00085 | 0.00082 | 0.00079
Average -7.454789] -6.890574] -6.520834] -6.181013| -6.008804

Average value of In k, and EA

ko EA
(m3/s/kg Fe) (J/mol)
[Average 3.24157 77000
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From Table D.6. and Table D.7 it can be seen that the reduction rate varies significantly
with particle size. However, no clear correlation was found between the ore particle size
and reaction rate. Reaction rate was therefore found independent of particle size, as

would be expected for uniform internal reduction.

As shown in Figure 20 and Figure 21, both uniform and shrinking core reduction patterns
were observed for large particles. The reduction rate therefore appears to be influenced
more by the morphology of the particles (eg. crack formation, porosity, homogeneity,

etc.) than by particle size.

148



e
UNIVERSITEIT VAN PRETORIA . .
§ UNIVERSITY OF PRETORIA Appendix D: Reduction rate data 149

W YUNIBESITHI YA PRETORIA

D.4 Model predictions vs measured values

The values of the pre-exponential constant (k,) and the apparent activation energy (E;)
was used to back-calculate the fraction reacted as a function of time. These graphs were
compared to the original data to ensure that the calculated results represented
experimental data. These comparisons are shown in Figure D.7 to Figure D.11.

These figures show that the experimental results and model predictions yield similar
graphs. This implies that model predictions are representative of the experimentally
measured data.

Model predictions and measured reduction profiles of +106pym -212uym ore
particles at various temperatures
1.00
s Measured 900°C
090 1 = Measured 950°C
0.80 - Measured 1000°C
3 | —Model 900°C
o 0701 | —Model 950°C
3 [ Model 1000°C |
c 060 -
)
3 050
@
w
0.40 -
0.30 -
0.20
0.10
0.00 : -
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (seconds)

Figure D 7: Calculated (model) predictions and measured values regarding fraction of
reducible oxygen removed as a function of time for ore particles in the size range -212um
+106um.
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Fraction reacted
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Model predictions and measured reduction profiles of +212ym -300.m ore
particles at various temperatures

-Measured 800°C
o Measured 900°C
Measured 950°C
Measured 1000°C
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Figure D 8: Calculated (model) predictions and measured values regarding fraction of

reducible oxygen removed as a function of time for ore particles in the size range -300um

+212um.
Model predictions and measured reduction profiles of +425ym - 850um ore
particles at various temperatures
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Figure D 9: Calculated (model) predictions and measured values regarding fraction of

reducible oxygen removed as a function of time for ore particles in the size range -850um

+425um.
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1.00

Rates of reduction of +2000ym - 2800um ore particles at various
temperatures
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Figure D 10: Calculated (model) predictions and measured values regarding fraction of

reducible oxygen removed as a function of time for ore particles in the size range -

2800um +2000um.

Model predictions and measured reduction profiles of +4750um -6300um
ore particles at various temperatures
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Figure D11: Calculated (model) predictions and measured values regarding fraction of

reducible oxygen removed as a function of time for ore particles in the size range -

6300um +4750pum.
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APPENDIX E

Model predictions regarding reduction- and temperature profile

through the solids bed

E.1 Change in rate constant for the reduction reaction

E.2 Change in rate constant for the gasification reaction

E.3 Change in thermal conductivity of the bed

E.4 Change in bath temperature

E.5 Change in production rate
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E.1 Change in rate constant for the reduction reaction

Temperature profile and degree of
reduction achieved
1800 ‘ 0.9
1600 T: k_red = x 0.8
I T: k_red = 2x ’
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9 AN i Z e ot = B
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200 + + 0.1
] } + — } ]
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Distance from bottom of the solids bed (mm)

Fraction reduction

achieved

Figure E 1: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m’/h, when

doubling the rate constant for the reduction reaction.

Temperature profile and degree of
reduction achieved
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Figure E 2: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h, when

halving the rate constant for the reduction reaction.
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E.2 Change in rate constant for the gasification reaction

Temperature profile and degree of
reduction achieved

1800 0.9
1600 =T k_boud = x los
T: k_boud = 2x '
o 1400 ¢ = = =F: k_boud =x W 0.7 5
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200 + + 0.1
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Distance from bottom of the solids bed (mm)

Figure E 3: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h, when doubling
the rate constant for the gasification reaction.
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Figure E 4: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h, when halving
the rate constant for the gasification reaction.
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E.3 Change in thermal conductivity of the bed

Appendix E.: :Model predictions

Temperature profile and degree of
reduction achieved
1800
1600 = T: k=x l
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Figure E 5: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h, when

increasing the thermal conductivity of the solids bed 1.5 times,
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Figure E 6: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h, when halving

the thermal conductivity of the solids bed.
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E.4 Change in bath temperature

Temperature profile and degree of
reduction achieved
1800 = 0.9
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Figure E 7: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m?/h, when
increasing the bath temperature from 1550°C to 1650°C.
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Temperature profile and degree of
reduction achieved
1800 —_— 0.9
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Figure E 8: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 3Okg/m2/h, decreasing
the bath temperature from 1550°C to 1350°C.

E.5 Change in production rate

Temperature profile and degree of
reduction achieved

1800 0.9
T: 30 kg/m2/h
1600 T: 60 kg/m2m | OB
1400 T - = «F: 30kg/m2/n 197 ¢
< 1200 1 . 60 kg/m2/n 1 0.6 3
5 1000 + los g 8
g [~ =2
g 800 T e o T°*5%
E 600 + $03%8
400 + 02 &
200 + 101
0 : : : ; 0
0 20 40 60 80 100

Distance {from bottom of the solids bed (mm)

Figure E 9: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m*/h as well as
60kg/m?/h.
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Temperature (K)
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Figure E 10: Theoretical profiles of temperature and fraction reduction achieved
through a 100mm high solids bed, for a production rate of 30kg/m°/h as well as

15ka/m*/h.
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APPENDIX F

Experimental aspects: Induction furnace
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F.1. Raw material mixture selection 160
F.2. Crucible positioning in the induction furnace 161
F.3. Calibration of Rotameters with a Bunsen tower. 162
F.4. Visual images from sample cross sections. 163
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Appendix F: Experimental aspects: induction furnace

F.1. Raw material mixture selection

Although the FC/Oeq ratio for the feed material at the pilot plant was 1.3, this ratio
could not be used for the induction furnace experiments. This is because excess carbon
is not oxidised on the outer surface of the solids bed in the induction furnace, as was the

case in the pilot plant furnace®.

To choose the material mixture composition in terms of fixed carbon to reducible oxygen
ratio, a thermo gravimetric experiment was done. For this, three samples were compiled,
with FC/Oreqy ratios of 0.85, 1.0 and 1.15 respectively. The samples comprised of iron
ore, char, calcinated dolomite (dcloma) and calcinated limestone (lime}. Burnt fluxes
and char was used because it was assumed that devolatilization and calcinations occurred
in the upper part of the solids bed*®’. The samples were reacted in the TGA at 1100°C,
since this was the expected average temperature in the lower part of the bed. The
experimental equipment and procedures discussed in paragraph 2.2 were used for this

test.

The samples were reacted until no further mass loss occurred, after which the samples
were removed from the furnace and their respective carbon contents were determined
with a Leco CS 400 analyser. From the mass loss (comprising mainly of loss of carbon
and oxygen} and the change in carbon content of the sample, the degree of reduction
achieved and the amount of excess carbon remaining in the sample was calculated.

These results are shown in Figure F 1

Percenlage excess carbon va carbon 10 reducible oxygen ratlo

Percentage excess carban (%)

06 o7 08 o9 1 1.1 2
‘ Carbon 15 reducible axygen mtic

Figure F 1: Excess carbon in samples as a function of fixed carbon to reducible oxygen
ratios

160



UNIVERSITEIT VAN PRETORIA

VERSITY OF PRETORI . . .
=t YUKIBESITHI YA PRETORIA Appendix F: Experimental Aspects: Induction furnace 161

Figure F 1 shows that a FC/O.q ratio of 0.7 will yield no excess carbon in the sample,
Carbon losses during establishing of the solids bed were estimated at 3% (which was a
guess based on pilot plant operations). Accordingly, a fixed carbon to reducible oxygen

ratio of 0.85 was chosen for the mixture.

The first seven experiments at the induction furnace (as described in paragraph 3.4)
were positioning exercises, during which the experimental equipment and procedure was
developed. During these tests the mixture with FC/O.q ratio of 0.85 was tested to

confirm that the mixture would yield a bath with carbon content between 0.01 and 0.1%.

Similar to the way in which the char content of a sample was governed by the FC/Orq)
ratio, the doloma and lime content were governed by the anticipated MgO content and
basicity of the slag. Since pilot plant trails for the Ifcon process was run with a mixture
aiming for 8% MqgO in the slag and a Ca0/SiO; ratio in the slag of 1.4"'7), the same

criteria was used for this experiment.

The final material mixture selections for simulation of the bottom part of the solids bed in

the Ifcon processs are shown in Tabel F 1

Tabel F 1: Material mixtures used as feed material to the induction furnace

Feed material 0% pre- 30% pre- 50% pre-
reduced reduced reduced
mixture mixture mixture

Ore content (%) 78.6 78.2 77.8

Char content (%) 14.3 14.1 150
Doloma content (%) 3.4 3.7 3.9

Lime content (%) 3.7 4.0 4.3

F.2. Crucible positioning in the induction furnace

The crucible was positioned so that the surface of the molten bath was at the height of
the highest loop of the coil of the inductor. This is the height, above which the induction
field deteriorates. Prior to testing, this height was determined by placing six similar mild

steel discs in the furnace at various heights, but similar distances from the coil. The
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power input to the furnace was set at 20 kW, and the temperature of each metal disc was
measured, using a Pt/Pt10%Rh (or type S) thermocouple. From the temperature vs time
curves, the heating rate of each disc was calculated. The furnace was cooled and the test

was repeated for power inputs of 35 and 50 kW. The results are shown in Figure F 2.

Heating rate at various helghts in the furnace
a5
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.. - @- 50kW
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Figure F 2: Heating rate curve for the induction furnace.

From the heating rate curves, the height at which the induction field deteriorates (the
heating rate curve flattens) was obtained. Since a heat input of about 35kW was

anticipated, the bath was established 30 cm below the reference floor height.

During initial test work, attempts were made to establish a metal bath at different
heights in the furnace. For this, a trail and error approach was followed. The bath height
position determined by this trail and error method was similar to that determined by

heating of the discs (as discussed above).

F.3. Calibration of Rotameters with a Bunsen tower.

The method used was similar to the technique discussed in Appendix A.1. However,
due to the relatively high flow rates required, a 1000cm?® Bunsen tower was used. Two
rotameters were calibrated, one for the argon purge-gas line and one for the exit-gas
line. Since only argon was used as purge gas, the rotameter in the purge-gas line was
calibrated with argon. The gas mixture passing through the exit-gas line was expected to

be a mixture comprising mainly of argon and carbon monoxide. Accordingly, argon and
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carbon monoxide was used to

calibrate the rotameter in the exit-gas line. Since the exit

gas mainly comprised of argen (£ 80%), the calibration curve for argon was used to

calculate molar mass fiows of species. The calibration curves are shown in Figure F 3.

Calibration of gas flow meters
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Figure F 3: Calibration curves for rotameters

F.4. Visual images from sample cross sections.

Maternial mixture

Material and slag mixture

Newly formed metal (“bridge™)

Cavity below the solids bed

Metal heel

Figure F 4:

Visual image of an impregnated cross section of a sample
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/

Area where loose bed material was

Slag

Partially reduced solids bed

Metal heel

Figure F 5: Visual image of an impregnated cross section of a sample
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F.5. Gas analyses measured during test work.

The gas analyses obtained are presented in Table F 2 to Table F 5. These analyses were

used

Tabel F 2:  Gas analysis from test done with 0% pre-reduced material, during which a

production rate of 20 kg Fe /m?/h was achieved.

Gas composition

Time

Ar co co, N,

(%) (%) (%) (%)
12:09:46 5.94 5.55 3.69 54.37
12:17:38 4221 23.97 27.15 4.94
12:23:49 54.15 19.40 20.86 4.19
12:30:00 57.16 14.66 23.70 3.47
12:36:10 61.29 16.52 19.27 1.91
12:42:19 57.04 21.91 18.71 1.60
12:48:32 61.66 19.49 15.37 2.27
12:54:45 62.02 19.11 16.51 1.60
13:00:57 64.98 18.61 14.04 1.71
13:07:09 69.03 12.18 16.05 1.91
13:13:22 68.65 13.81 15.13 1.78
13:19:36 50.44 32.20 15.61 0.87
13:25:48 66.08 17.00 14.34 1.49
13:32:01 70.08 15.26 12.31 1.62
13:38:14 71.81 14.83 10.11 2.51
13:44:27 73.18 15.54 8.52 2.04
13:50:41 73.49 16.69 6.37 2.72
13:56:55 38.69 42.60 15.09 1.44
14:03:07 28.05 45.31 23.75 0.80
14:09:18 54.07 34.67 8.47 1.50
14:15:30 27.45 11.46 8.72 44,65
14:43:06 18.67 41.13 20.63 15.72
14:49:15 57.31 21.25 16.74 3.12
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Tabel F3: Gas analysis from test done with 0% pre-reduced material, during which a

production rate of 55 kg Fe /m?/h was achieved.

Time Gas comporsitlon

Ar co cO, N,

(%) (%) (%) ’ (%)
11:40:27 5.48 5.22 3.55 55.78
11:46:41 5.88 5.78 4.20 55.95
11:52:53 5.88 5.80 4.38 56.19
11:59:05 5.56 5.76 4.28 56.21
12:05:15 5.29 5.04 4.10 57.34
12:11:21 4.56 4.19 3.42 61.24
12:17:26 3.81 3.15 2.64 66.03
12:23:31 3.33 2.43 2.16 69.15
12:29:36 3.01 1.95 1.84 71.22
12:35:43 2.81 1.62 1.64 72.51
12:43:23 28.02 41.07 18.40 6.89
12:49:34 40.67 30.90 24.93 1.20
12:55:44 56.38 20.24 20.55 1.41
13:01:54 53.36 24.91 19.29 1.17
13:08:04 3.22 55.36 0.98 18.82
13:14:19 46.06 33.27 18.93 1.06
13:22:15 47.64 35.47 11.45 3.72
13:28:27 57.03 22.02 18.03 1.70
13:34:38 41.58 36.24 20.05 1.05
13:40:48 44.14 36.77 16.70 1.08
13:47:00 53.19 31.41 12.99 1.39
13:53:12 54.06 31.50 11.85 1.62
13:59:24 60.01 21.34 15.42 2.09
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Tabel F 4: Gas analysis from test done with 30% pre-reduced material, during which a
production rate of 19 kg Fe /m?/h was achieved.

Gas composition
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Tabel F5: Gas analysis from test done with 50% pre-reduced material, during which a

production rate of 18 kg Fe /m?/h was achieved.

Gas composition

Time -

Ar co co, N,

(%) (%) (%) (%)

12:49:57 47.87 13.32 5.45 2561

12:59:44 46.41 12.43 5.14 27.69
| 13:09:30 47.29 11.04 4.16 2925
13:19:04 49.96 9.67 3.59 29.12
13:28:38 48.74 8.31 3.49 3095
13:38:15 49.51 7.83 3.20 31.29
13:47:51 51.01 6.92 2.71 31.30

13:57:28 51.95 6.19 243 31.36
14:07:05 L BEFT 5.96 2.36 31.87
14:16:41 | 5142 2.09 1.06 36.99
14:28:43 46.43 6.90 3.18 34.72
14:38:21 45.23 7.45 3.23 ~ 35.25
14:47:58 43.10 8.62 3.44 ~ 3583
14:57:41 43.97 6.69 3.02 36.83
15:07:19 40.79 9.01 3.73 37.08
15:16:54 11.91 30.08 5.17 41.67
15:26:30 28.14 14.21 3.35 43.22
15:36:12 34.14 8.17 3.06 43.52
15:45:50 36.28 7.03 2.70 43.24
15:55:28 37.49 6.51 2.36 42.91
16:05:11 39.62 5.26 1.86 42.69
16:14:49 41.59 4.27 1.46 42.15
16:24:33 36.01 8.51 2.65 42.27
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F.6. Temperature profiles through the solids bed.

The Temperatures measured in the solids bed of various experiments are presented
below.

Tabel F6: Temperature profile of 0% pre-reduced material with which a production
rate of 20 kg Fe /m?/h was achieved.

Trail 1

Height above metal | Temperature

bath
o o) (°C)
84 653
Ty 79
T _ 660
69
SR T 667
59
54 677
49
44 757
39 795
3 34 873
— —
o 1 980
19 ' 1068
14 1155
9 1228
4 1324
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Tabel F.7: Temperature profile of 0% pre-reduced material with which a production
rate of 55 kg Fe /m?/h was achieved.

Trail 1

Height above @ Temperature

metal bath
_(mm) (°C)
20 ‘ 814
[ 98 913
' . 1074
i 1193
' 1 1323

Tabel F8: Temperature profile of 30% pre-reduced material with which a production
rate of 19 kg Fe /m*/h was achieved.

Trail 1

| Height above metal Temperature

bath

(mm) ~(°C)
47 744
42
37 856
32
27 1027
22 1145
17 1260
12 1329
7
2
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Tabel F9: Temperature profile of 50% pre-reduced material with which a production
rate of 18 kg Fe /m?/h was achieved,
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Abstract

This work involved an investigation into the mechanisms governing the reduction of
material in the solids bed of the Ifcon® process. Thermo gravimetric analyses were
done to investigate the influence of various operational parameters on the rate of
solid state reduction. The experiments were modeled, and model predictions were
compared to experimental results. Kinetic data was analised and the reduction rate
constants were calculated. The rate constants were used as inputs to a model, which
describes the reduction behaviour and temperature profile in a composite solids bed
(similar to that in the Ifcon® process). High temperature reduction- and melting
tests were done in an 150 kW induction furnace, to simulate final reduction in a
solids bed. The temperature profile through the solids bed was measured and results
were compared to model predictions. Finally the extent to which solid state

reduction occurs in the solids bed was estimated as a function of production rate.

Keywords: Ifcon®, thermo gravimetric analyses, reduction and melting, model, kinetics,

induction furnace, temperature profile, production rate.



Opsomming

Hierdie werk behels 'n ondersoek na die meganismes ter sprake in die gepakte bed
van die Ifcon” proses. Termogravimetriese analises is gedoen om die invioed van
verskeie bedryfsparameters op die reduksietempo van komposiet-mengsels te
ondersoek. Kinetiese data is geanaliseer, en tempokonstantes asook waardes vir
aktiveringsenergie is bereken. Hierdie kinetiese data is as insette gebruik vir ‘n
model wat die mate van reduksie behaal asook die temperatuurprofiel in ‘n gepakte
bed voorspel. Hoé temperatuur reduksie-en smeltingstoetse is in ‘n 150 kW
induksieoond gedoen om reduksie in die gepakte bed van die Ifcon® proses te
simuleer. Die temperatuurprofiel deur die gepakte bed is gemeet. Die gemete
waardes is met modelvoorspellings vergelyk, en ‘n raming is gemaak van die mate
waartoe vaste toestand reduksie in ‘n gepakte bed verloop, as ‘n funksie van
produksietempo.

Sleutelwoorde: Ifcon®, termogravimetriese analise, reduksie en smelting, model,

kinetiese data, induksie oond. temperatuurprofiel, produksietempo.
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