BLAST FURNACE OPTIMISATION
BY LINEAR PROGRAMMING

BY

ABOGINIJE Peter Apata
(MME/91/2956)

AUGUST 2002



CERTIFICATION

I certify that this work was carried out by ABOGINIIE Peter Apata of the
Department  of  Metallurgical and  Materials  Engineering, Federal University  of
Technology, Akure, and that the work has not been submitted elsewhere Lor the award of

a degree.

szt i

rof. Ony 'i.l]ldl.lhl
Head ol Department

D Oluwadare G Q.
Major Supervisor

rof. Kadeba Dr, Oni A.
Dean Post Graduate Studies Minor Supervisor

Gﬂm&aﬁsfmﬂ

Dr Lawal G. I.
External Examingr



DEDICATION

This work is dedicated to God Almighty who teaches my hands 1o war and lingers

Lo battle



ACKNOWLEDGMENT

| foremost, give thanks to almighly God whose enabling grace has scen me
through, frustrate every plan of the enemy during this work, and made his peace which
passes all human understanding multiplied unto me.

My prolound gratitude goes o my projecl supervisor, Dre. Qluwadare G. O, for his
inspirational assistance, encouragement and supervision of this work. | am also grateful
unto him and his family for making available most of the literature used. | also appreciate
my co-supervisor Professor Oni A.

I appreciate the words of advice from my HOD, Prof, Onyemacbi, | wish 1o thank Dr.
Borode 1O For his immeasurable advice, and struggle to still the entire storm that rase during
the course of this work. Much appreciation goes to my former Head of the Department
Engr. B.O. Adewuyi and 1o Engr. Omotoyinbo LA, (Kabivesi) and Mr, Oyetonji A. lor their
encourmgement nd advice. They luve been like my parents, | heanily apprecinte the trainings
received [rom other lecturers; Proll Kamma C. M., and De. Ajayi 1. AL | appreciate the words of
encouragement lrom Dr, Adekale and my colleagues; Mr, Oloruntoba D, T., Mr. Alaneme K. K.,
Mr. Qgunniyi 1. O., Mr. Afolabi A. 8., Mr. Salio L. O. and Mrs. Ola Omole and all the non
academic staff of the Department. | want to specially appreciate the initiative received trom
Engr. lyiolasemi Gabriel now late, from Ajaokuta Steel Company. He gave me the advice and
msight to work on blast furnace. My appreciation also goes 1o my Uncle, Mr & Mrs, Obadofin

and Mr, Olanrewaju all lrom Ajaokuta Steel Company for their encouragement and assistance,

I



| appreciate Mr. Oguntimchin Bayo and Mr. Alowolodu Kehinde for their
assistance during the modeling and writing of the Computer Program respectively.

I am very grateful to The Federal University of Technology Akure and the Federal
Government of Nigeria for their financial support during this M. Eng. Programme.

I sincercly wish to appreciate the pravers and wishes of my Parcnts, Mr. & Mrs,
Aboginije Lonmanuel, Therr taining bas contributed greatly 1o my suceess m life. 1 also
thank my brothers and sisters for their prayers. | also thank Pastor and Mrs. Adefehinti
and Mrs. Attoye for their prayers and counsels,

Lastly, I wish to register the specially reserved appreciation to the precious
treasure, Tovin, whom God has ordained and reserved from ages past, and has made ber
revealed unto me during the course of this work. She is a favoured gift indeed. She gave
me much comfort, peace, joy, and encouragemements, Her prayers goes a lot, to the
completion of this work,

Po Ciod Dhe The Gilowy, Greeat Things e Thas Done!

THE LORD IS MY ROCK.



CONTENTS

Cerification ) ) - ; i |
Predication i
Acknowledgement ) iv
Table of contents Vi
List of ligures %
List of tables Xl
Abstract xii
1.0 Introduction I
2.0 Lileralure review . B
2.1 The won blast furnace 5
2.2 Blast furnace operation - 7
2.3 Reaction Zones in the Blast lumace LU
231 Lumpy zone o
2.3.2 Sofiening —melling zone . .
2.3.3 Dripping zone 4
2.3.4 Race way zone ; ; : 14
2.3.5 lealth L5
2.4 Improvements in Blast Fumace Operation 17
2.4.1 Burden type I8
2.4.2 Burden Arvangement and uniformity 19

¥i



2.4.3

252

Gas permeability
Coke Quality
Blast injc:lants

Blast temp and velocity,

Optimiztion and its application in the steel industry

Optimization

Application in the steel mdustry

2.5.2.1 Production planiing

2.5.2.2Production - mix oplimization

2.5.2.3Blending models Blast furnace operations

2.5.2.4Blast lurnace operation

26 The MATLAB I
2.6.1 The Matlab system
2.0.1.1 Portability
2.6.1.2 M- liles
2.0.1.3 Senpts
2.6.1.4 Function
2.6.1.4.1 Basic parts of a function M-file

2.6.1.4.2 Definition line

20,043 Th line
2.6.1.44 Help text

2.6.1.4.5 Function body

il

25
2
20
27
29

3u

33
34

33

36

36

37

37

3

38



2.6.1.4.6 Comments
2.6.1.4.7 Function name
2.6.1.4.8 Sub function
3.0 Materials and Methods
3.1 Materials
3.2 Model formulation
3.2.1 Stoichiometric development
3.2.2 linthalpy Balance
3.2.3 'The wustite reduction zone
324 Tuyere mjection eflect
3.3 Proposed Tor the furnace
3.4 The optimization method
3.5 The constrains
3.0 The program
4.0 Results and Discussion
4.1 Resulis
4.2 Discussions
4.2.1 Stowchiometric analysis
4.2.2 Thermal analysis
4.2.3 Cost analysis
4.2.4  Optimum solution

2.0 Conclusion and Recommendation

viii

38
39
39
40

40

" 40

41

44

i

o

37

7

149



5.1 Conclusion

5.2 Recommendations

Relerences
Bibliograply
Appendix |
Appendix 1
Appendix 11

Appendix 1V

Appendix V

The Program

Results

List uf';ylllhuix appearing in Principal Equations
Enthalpy increment equations for .
Elements and compounds

Enthalpies of Formation at Temperature T

from Elements at Temperature T (H'))

80
8l
a4
i
il

107

110

L 11



Table 1

Table 2,1
Table 2.2
Table 2.3
Table 2.4
Table 3
Table 4
Table 5

Table 6

LIST OF TABLES
Summary of reaction and thermal behaviour in various region
of the iron Blast furnace | |
The change material
the lurnace product
Dimension of the furnace
Consumption and output
LiTect of iyectant on Blast furmace performance
Optimuim cosl Analysis and comparer of Natural Gas injection
Effect of Oil inj-uc!.inn:a on Blast furnace pi;:l'liln't‘lﬂ.m—.'l: and Cosl
Cooling and Coke replacemont characteristics and the ellcets

on Coke rale lor lypical injectants

a4

23

56

74

14

TG



Figure 1
Figure 2
Figure 3
Figure 4
Figure 5

Figure 6

Figure 7

Figure &

Figure 9

Figure 10

Figure 11

Vigure 12
Figure 13
Figure 14

Figure 13

LIST OF FIGURES

The won-Blast furnace

5

Vertical profiles ol a Blast fumace showing its materials Balance 6

Schematic viuw.ﬁl‘ tuvere region of the Blast 1.['|.u1ms:-:
Schematic drawing of the inside of n Blast furnace

The Algorithm for IIhL‘ program

Plot of total Quantity of fuel against flame temperature

at Blast temperature of 1200k for Natural Gas injection
Plot of total Quantity of [uel against Cost a Blast
lemperature of ]EUU_!-; for Matural Gas injection

Plot of total Quantity of fuel against flame

temperature at Blast temperature of 1200k for oil injection
Plat of total Quantity of fuel against flame

lemperature at Blast temperature of 1200k for Coal injection

Plot of otal Quantity of Tuel against Cost ot Blast lunpn.,mlun
ol 1200k lor Coal injection

Optimization graph for natural Gas injection at Blast
lemperature of 1200k

ellvels ol Blast teamperature on the total Cost-ol Tuel
Effects of injection on Blast air
Effects of Blast temperature on the total Cost fuel

Effect of Blast temperature on mjectant,

xl

9

ol

63

63

6o

o7

OB

G

6o

70



ABSTRACT

The model used for optimizing the blast furnace input parameters 15 described. ltis
hased on the mathematical description of the stoichiometric and enthalpy balances of
blast furnace process, and quantifies the amount of fuels required for producing a specific
amount of pig won and the effects of varving these inputs. The models were
communicated into a linear oplimisation Computer program written in MATLAL.

The designed operating data obtained from the Nigeran tuust furnace at Ajaokuta
steel complex, and the parameters of various fuels used were wput into the program. The

oulputs generated were analysed,
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1.0 INTRODUCTION

Over the years, the steel industry has played a major role in the development of
our industrialized sociely and still remains an important factor for the industrial growth of
both the developed and developing nations. The Blast furnace has been the link in the
chain processing ol iron ores into a linished steel product (Foos 1980). It is an economic
and reliable mass producer of liquid iron. During the last century, productivity,
elficiency, and relinbility of Blast furnace process have attained levels no iron makers
would have dreamed of a few vears earlier. From the point of view of encrgy
requirement, this process has shown a very great Nexibility and accepts a great variety of
fuels. The type ol fuel used varies from country to country and depend mainly on the
relative abundance and cost of the different types of fuel.

The blast furnace (Fig 1) makes use of mainly coke for the production of the
reducing gas necessary for iron ore reduction, and production of heat Lor the melting, and
pravision of support for the burden inside the furnace. The recent cconomic upheavals.
double energy erisis, persistent recession of the economy in gencral, and the sieel
industry in particular, sky-rocketing costs, interest rates, and financial shortcomings in
many steel industries have slushed the steel industry into a4 mood of upcertanty and
pessimism (Leone and Meyer 1980, and Luersseen 1981). Of all the Blast furnace

charge, Metallurgical Coke has the highest cost, and the possibility of the price ol blast

furnace coke declining is ruled out (Nashan 1996},



Obviously, there is a decling rate of coke production yearly. In Africa, most of the

coal are not coking, especially the Nigeria coal,

Improvements being made in the blast furnace operations so far are aimed al the

following;
(1)

(2)

(3)

Betier and smoother operation of the furnace.

Increase m productivity to reduce production cost and meel increasing
demands

Reduction in coke consumption, which is very expensive due to

diminishing reserves of coking coal.

In other to achieve the above objectives, the following steps are to be adopled.

(1}

(ii)

(1)

(iv)

(v)

Injection of hydrocarbon liguids, gases or solids trough the tuyeres, wlich
has led to lowering of furnace requirement for coke.

Injection ol these alternative [uels with the use ol hotler blasl.

Eoviclment ol blast with pure O leading o ercasad Hame lcmperatore in
front ol the tuyeres thus permitting increased injection of hydrocarbon and
increased rate of CO production,

Higher top pressure, which increase the residence time of reducing gases

within the furnace.

Betler burden distribution in the furnace by the production of novel top

charging devices such as the Paul Wurth Top and movable armor. The Paul



Wruth top in addition to better burden distribution permits the use of higher
lop pressures.

vi) Better process control through the use of computerized mstrumentation and

installation of process control computers,

The use of computers in the optimization of the furnace permits the prediction of
the total raw material combination to be used in the production of liquid steel at the
mmnnnum cost, and the thermal ellect of such combination. Several optimzation work
have been used extensively for controlling blast furnace performance, deciding the
composilion of Turmace charge, and newral network application to blast furnace burden.
top gas, and heat distribution control  Inkala et al 1995, Lida 1995, Augstenberger 1996,
Deitz 1997, and Zuo ct al 1998).

This work shows that the flexibility of the blast fumace process is such that it can
be adapted 1o a wide luel combination and consumption, and the different aspect of the

oplimisation procedure are discussed.



2.0 LITERATURE REVIEW

2.1 THE IRON BLAST FURNACE

The wron blast Turnace has developed [rom the earliest production of liquid iron in
shafl furnace in 14" Century (Cottrel 1975), o the replacement later of charcoal by coke,
which has led since to the blast lumace over increasing in size. Figure | depicts steel-
making process in a modern blast {umace, The iron blast (Fig.2) furnace is a wil, vertical
shadt Tumace, which employs, mainly in form of coke to reduce iron form its oxides.

The foundation of a blast furnace carries a heavy load. It constitutes piles drven
the bedrock, over which a huge reinlorced concrete structure 15 constructed. The steel
culuimn wounted on the concrete ping support the mantle ring, The blast Turmace shell and
the inside brickwork are supported by the mantle ring.

The hearth bottom consisting of courses of lireclay bricks and carbon blocks s
laid out within the concrete ring. The hearth is a eylindrical portion where the lron notch.
slag notch and tuyeres are located, The bosh is the section that slopes outward just above
the hearth, The body is again a u}rlindn’t.:ul. portion above the bosh. The shafl, which is in
the form of a cone, comprises the portion above the body, The throat, cylindrical in form
i al the top ol the shalt.

There are box type coolers within the refractory lining of the throat and shalt
through which water circulates. The coolers are mounted to the shell of the Blast furnace,

The bottom of the hearth and sidewalls are having plate type coolers.
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In o typical blast furnace, the lron noteh is siluated at a height of 1 lm above the
hearth bottom. The slag notch is located at a height of 1.8m above the lron notch while
the tuyeres is located ai a height of 3.4m above Iron notch. Hot blast from stoves passes
through the bustle pipe situated at bosh level. The bustle pipe is however located at a
height of 5.5m above Iron notch,

The principal objective of the [urnace is to produce molten ron ol constunl
composition al a high rate. The fumace is of sell supporting, Iree standing design in
which the fumace shell form the hearth base to the furnace top ring is carmried on a base
ring al Toumdation level.

Many effors were made in the 20" century towards the improvement of the
operations of the furnace which were aimed at; Better and smoother operation of the
furnace; Increase in productivity to reduce production cost and meet increasing demands;
Reduction coke consumption which is very expensive due 1o diminishing reserves of

cooking coal. These improvements are discussed in section.

2.2 BLAST FURNACE OPERATION

In modern blast furnace, the charge; coke form the coke over plant, Mux, and sinter
ore form the sintering plant, are conveyed through conveyor belts, and discharged into

the receiving hopper of the blast fumace. In the conveyor system, one belt conveys sinter

and flux, and the other conveys coke.



The charge is received by the hopper, and falls into the small bell. After each feed,
the hopper revolves through an angle and the small bell opens, the charge is evenly
distributed over the by bell. As the small bell closes, the by bell lowered, and the charge
[alls into the throat of the furnace.

Hot blast is supplied form the hot stones (o the bustle pipe, and 15 blown througl
the tuyeres at the bottom of the furnace. It enters at a velocity of between 200 1
300mws-1 and a pressure of 2 o 4 almosphere, so as to push the reducing gasses through
the solid burden and o overcome the top pressure ol the lumage,

According to Peacey (1979), the high velocity ol the blast clears a raceway ol pos
and rapidly hurtling coke in front of each tuyere (Fig. 3). The bottom-most of this zone
periodically fall into the raceways to be consumed by the incoming air, and hence the
whole bed is always gradually moving down to be re-supplied at the top with coke from
above. The hot blast reacts with the coke and the injectant in the belly and bosh of the
lurnace to form a mixture of carbon monoxide and nitrogen. The combustion of coke al
the tuvere level mises the temperature 1o between 1800 and 2100"C (Coudrier 1985).

This mixture ascends in the furnace while exchanging heat and reacting with the
raw materials descending from the furnace top. The gas is eventually discharged from
the furnace top. The gas is eventually discharged from the furnace top materials and
recovered for use as fuel in work. During this process, the layver-thickness ratio of iron-
bearing materials o coke charped from the furmace wp and their redial distributions are
controlled so that the hot blast can pass with appropriate radial distribution. During the

descent of the burden in the Turnace, the iron-bearing maderials are indirectly reduced by
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carbon monoxide gas in the low-temperature zone of the upper furnace. In the lower part
ol the furnace, carbon dioxide, produced by the reduction of the remaining ron ore by
cartbon monoxide is instantancously by coke (C) into carbon monoxide, which again
reduces the iron oxide. According to Ghosh and Ray (19921 ), the CO becomes more stable
al higher lemperatures whercas all metal oxides generally less stable.

The overall sequence can be regarded as direet reduction of iron ore by solid
catbon in the high-temperalure zone of the lower [umace. The reduced iron
simultancously melts, drips and collects as hot metal at the hearth. The hot metal goes
downward to the bottom of the hearth and the slag produced {loats on top of the molien
metal. The hol molten metal is tapped at regular intervals (usually 2-3 hours) from the

won noteh while the slag 1s wpped Lrom the slag nolch,

2.3 REACTION ZONES IN THE BLAST FURNACL
The blast fumace is a packed bed reactor in which there is a counter current Mow
of solid materials from top and gases from bottom. The results the dissection of quenched

blast furnace (Kanbara 1977, Yasuto 1977, Minoru 1977, and Kojiro 1977). show that,

the blast lumace is divided into five reaction zones as shown in Figure 4.

2.3.1 LUMPY ZONE
The materials here are solid and gases. The solid are sinter, Muxes, and coke, while

the gas is a mixtue of CO, CO., N3, and Ha, which have taken part in reduction reactions

10
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further down in the Turnace. Here the indirect reduction of iron oxides luke place, some of
which are;
3Fe; + CO - Feglly + €05 ..o evimirrimrnmiscinnnnns {201)
Allygy = -4800kj(kg mole CO)
1 2Fei0, + 00 === 3 8F s gy + 05 visaiinsnivivinisions (2.2)
A = 50000k (ke maole 'IC"['.",I'L
Temperature ol the gas fulls rapidly as it passes through this zone due to
(i) Cooling by meoming solids
(i) Lvaporation ol moisture and
{iii)  Net endothermic nature of reducing higher oxides o FeO accordmg w the
reaclion.
| 12F 305 + CO e 236Feg a47 + €O vovcniriievieiens (2.3)
AH"3y = + 13,000kj(kg mole COY"’
It is also in this zone that reduction accompanied by degradation takes place as

shown 1.

.31 SOFTENING - MELTING ZONE

This zone consists of solids, pases and small amount of liquids. The boundaries of
this zone are characterised by the beginning of softening of iron-bearing burden materials
as defined by 10 percent contraction under load {(Lu 1979) and the commencement of

melting ol sponge ron into bguid melal and slag, The location and shape ol this song



depends on relative total heal capacity of gaseous and solid streams. Factors such as
tigher Twel rates, less limestone addition or lower melting temperature for sponge iron
will cause the melting [ront o move further up or further away from the tuyere level.

In this zone, both direct and indirect reduction reactions take place as well as coke
gasilication (solution loss). Mot all the FeO produced can be completely reduced boomisg
of the reversing action of CO presemt (Nat 1992), thus the carbon accomplishes the

reduction,

Direction reduction

2R o Cmemis PR OO0 i disianinindima (B

Indirect reduction
Fegap O+ CO ——= 0.94TFe g + C0s . iovveimniviinninssiorisnns (2.5)
AH"gy == 1700kj(kg mole COY!
Colie gasification
CO; + € e B R T S R R R (2.0)
AH"3g5 = 172000 Kj(kg mole COY”
Other events in this zone are the absorption of silicon and sulphur by liquid metal
and slag via the lollowing reactions.
1o TR p—— =S T o SR (2.7)

{jﬂsl_lucllhﬂ|ll+ﬂi(w| “““““ > 8id +Cal) ... i {:13:]



2.3.3 DRIPPING ZONE

The only solid material lelt bere is coke. and the rest are gases and  uids. Here
direct reduction and solution loss reactions start, Generalion of silicon monoxide Trom
coke ash takes place according Lo the reaction,

S0 + O - ol L0 R 3 R Ry, (2.9

When droplets of liquid metal and slag tuckle down through the coke bed, silicon,
sulphur, and heat are being translerred from gas to liquids. The large gas/liquid conlact
area and high temperature makes the dripping zone a very imporlant region for reactions.
The longer the dripping distance or time (L.e. the higher the location of the melting front).

The more the silicon and sulphur, the more heat will be transferred within the coke bed.

2.34 RACEWAY ZONE

This zone consisls of coke and gas. The raceway extends -2 meters to the
Furnace and are bound in front at the sides and below by rather inm regions of lump coke
which have bypuassed oxidation during its descent through the fumace, The raceways are
also bounded above by lump coke but loosely packed due to the rapid ascent of raceway
zas between the pieces.

The main activily in this zone is CO gencralion, This is a two slep reaction;
oxygme [irst reacts with coke o form COy

CiopF O e O cviivciiiicsieissciisisrassasnssesaanans 120 10)

AH"3 = - 394,000kj(kg mole CO,)"



The net resull of these two reactions is generation of heal, which is carried
upwards into the fwnace by the ascending gases, which also contains sulphur, Some 510
i3 generated in the peripheral region of the furnace.

In a fwrnace operation, where bydrocarbon is injected, the cracking of the
hydrocarbon with the attendant loss of heat takes place in this zone and additional CO

and H; peneration

235 HEARTH ZONE

The hearth contains only coke and liguids (slag through the stagnant coke in bosh
and hearth 1o be periodically or comtinuously {only in big furnaces) tapped from the
turnance. The hearth region determines the quality of the hol metal (Williams 1Y83).

The high temperature reached in this zone lead to the reduction of the stable
oxides MnO, 5i0; and the phosphates, Silicon and manganese are dissolved n the iron
and slag is formed from the ore gaugue. As the hot metal iron passes through the slay
layer, there is the oxidation ol silicon by iron and maganese oxide in the slay, and also
the desulphunisation ol metal,

The reactions take place are; (Tukdogan 1978 and 1980)

L R = B 200 i e (2211
MO + C eeeemmmees S MO sisiisisinrsamaserassysanns (ks e
Cal + B+ L rermemee> CAE + G Liivicnsiosersiriisrssan (213}

The underscore indicates elements dissolved in iron.



TABLE 1
Summary of Reactions and Thermal Behaviour in Various Regiouns of the [ron Blasi

Furnasee (steady-state conditions)

Lone

Chemical Behaviour

Thermal Behaviour

Hearth (below

Saturation of wron with carbon

Falling drops of metal and EI_H?

tuyeres) and final reduction ol (CaQ), | bring heat down mto the hearth,
P304, Mo and Si0;, Impurities
reach their linal concentrations.
Tuyere Coke and hydrocarbons are | Large evolution of heat ~from
raceways oxidized 1o CO; then CO combustion of incandescent coke
will hol air
Active  coke | Impurity oxides are reduced and | Transfer of heat from ascending |

zone (bosh and

belly)

won  absorbs  carbon  during
percolation of metal and slag
droplets. Coke bed acts ‘as a

reserve W guarantee complete

reduction of iron oxides

gas to descending coke  and
droplets of metal and slag. Gas
supplies enthalpy for superheating
of liguid metal and slag and for

reduction of impurity metals

Fusion zone

Formation and melting of slag,
fmal reduction of FeyenO,

melting of Fe

Transfer of heat [rom ascending

gas to melting solids

Cyelie

Wauslile reduction and  coke

Temperature of ascending  gas




reduction zone

pasilication

.|'1'.L|1!'|i”"1'-1.l.i.'.l.i.;:.]|:.|.-'_lll.J_l...‘ o absorplion al’|

cothalpy.
Middle of | Very little coke pasilication | Steady  temperature  (1200K)
Shalt oceurs. Reduction of Feg O by | throughout,  {thermal  reserve

CO over much of the zone.
Little or no reaction in higher
portions due 1o depletion of CO
{cheimical reserve Zone),
Wustite 15 the iron  oxide

throughout this region

zone). Wustile reduction of Fe

requires no enthalpy.

Upper quarter

of Shaft

Reduction of Fel 05 and Fe;Oy

1O wuslile

Temperature of pases decreases
rapidly due to transfer of heat to

cold mecoming solids, Reduction

reactions and evaporation

moisture also require enthalpy,

of

24 IMPROVEMENTS IN BLAST FURNACE OPERATION,

The severe competition into which the blast fumace has entered with alternative

processes during the past years has not medified its predominant position as a reducing

unit, but on the contrary, it had quite a simulative effect (Poos 1981 ). Several efforts have



been made towards improving the operations of the furnace (o enhance high productivity,
clliciency, and reliability. These are achieved by the following lactors,

(1) Burden type

(il)  Gas permeability

(ii)  Blast enrichment

(iv] Coke quality

{v) Blast injectants

(vi) Blast velocity

(vit)  Burden arrangement and wnilormity

{viri) Operating temperature

(ix)  Operating pressure

(x)  PFurnace capacity

(xi) Cooling system

24.1  BURDEN TYPE

For the production of iron at minimum cost and efficient operation of the iron blast
furnace, a burden ol optimum propertics is necessary (Egundebi 1986), Compare 1o a
lump ore practice, pellets provided for increased permeability, more uniform reducing
gas distribution, mmproved reducibility of the burden, and a smoother stock (Hulditch and
Eikidysz 1986), Lumps and pellets melt earlier than sinter. Sinter proves o be the more

Lavourable on account of its higher temperatwre soflening and melting point {Walter

18



1996). Burden that melis casily have a negative effect on the reducing action ol the
process reduce gas permeability (Panigraphy and Rigand 1986} concluded that Ca-ferrite
provide goud plivsical strength and reduction propertics, and posses ligh sollening and
melt - down propertics.

2.42 BURDEN ARRANGEMENT AND UNIFORMITY

Up to the lusion zone, the burden is made up of alternate layers of ore and flux
usually 0.5 - Im thick. Burden distribution at the stock-line is one of the most important
factors governing furmace operation (Standish 1986), Uniform gas-flow especially in the
stack is dic to proper distribution of burden right from the receiving hopper. Unitorm
burden permits lurnuce gases Lo rise rapidly through the charpge withoul channeling and
illow the furnace to be operated at high blast rates.

Proper separation of coke and sinter from fines is usually maintained. Coke and
sinter both tend to abrasion, which affects the blast fumace (Benhard 1992), Arcangement
of the conveyor svstem, and the bell top charging system helps in proper layering of the

charge inside the furnace, thereby improving the gas flow.

243  GASPERMEABILITY

The productivity ol blast lumace s defined as the gquoticol between the possible
gas throughput per unit of time and the specilic gas gencration for one tone of hot metal
(Walter 1996). The gas throughput is a function of the furnace permeability (Beppler

2000}, through high quality charge materials. The quality and behaviour of charge in the



blast furnace determines the permeability. Good permeability can be achieved by having
the different components of the charge in their correct sizes range. Non-uniform sizing of
materials results in non-uniform gas flow and thercby reduced furnace permeability,
Fines results in coke penalty and reduction ol productivity,

Flow equation Tor packed beds have been developed by many workers (Furnas
1929 and Ergun 1932), and the relationship between pressure and gas flow rate in a
packed bed is given by the Ergun equation.

P = I35 L:X G

L ZpDe Pg
' = Pressure drop

L. = Length or height of packed column
L = Voiud fraction

g = Shape Traction

Pg = Density of the gas

De = Equivalent particle diameter

G = Mass flow rate (Gas velocity)

The equation shows that an increased top pressure increases pas density and
decreases resistance (o How, The equation is rearranged to define the burden permeability
‘K as:

K= GYPg = 0.57 ZDe¢
P/L 1<%

0



Permeability *k* is proportional to the equivalent particle diameter De, the shape
factor i.e. approach to sphericity and the quantity

73 1-2 = Resistance 1o flow.

18 3

The permeability increased as particle diameter and void fraction increases.

2.4.4 COKE QUALITY

Coke does nol change in state ol apgregation down to the lap hole level
Therefore, the properties of coke in the cohesive zone are of special importance. Coke
functions as;

{17 The supplier of the reducing gas and heal.
(2}  Supporting structure {or the burden.,

(3)  Gas distributor

(4)  The direct reduction of iron oxides.

Since elfurts are being made o minimize coke consumplion by usmg allermative
el injectants, the gquality ol coke charged and the charging leclungues is paramount
importance, The quality of coke influences the blast fumace performance especially if
high rates of additional reducing agents are injected (Beppler 1999). To achieve a
untform furnace working, and good operating results, the process must take place evenly
around the furnace centre line (Peter and Poth, 1986). Tuyere Mlame temperature and blast

velocity have a great influence on the degredation of coke (Iwanaga, Takatani, and



Aminaga 1986). leading of the system. For this reason, a greater guantity of coke must be

charged oo the furnace contre a8 the mjection rate increases (Beppler 1999),

Ihe quality of coke needed lor & goosd operation of the blast fornace are based on:

(1) High bot coke strength (CSR), and lower coke reactivity (CRI) (Beppler 1996)

(2) Coanse coke 1o ensure high voidage gas permeability (Beppler 2000)

(3} Low ssh o increase the rate of bunden yield and to reduce coke disintegration
(Hepprier 1) Low sulphes comont w0 as 10 get an acid slag. Low phosphions
aned v olatile matiers
Hearth disturbances i the blast fumace can be avoided y maintaining o suitably

high CSR (Kerkkoven 1997} As the USR value increases, alternative fuel injection can

bemuove, therelsy losers the bevel of coke consumption, and increasing gas permeability.

2.4.5 BLAST INJECTANTS

The goul of alternative fuels injection through the tuyere is to demonstrate the
economic, environmental, and encrgy savings benelits by minimising the smount of coke
consumption and the reduction of the harmful emissions from the coke oven plants.

The choice of these fuels depends on many Factors of which relative abundance
and cost are paramount, For example, Canada, India, and UK use pulverized coal. Nigeria

and part of USA use natural gas, and according to Tsukasa (1998), presently researches in

Japan are being carried oul on the use of plastic. The success of these injectants is



dependent on their combustion rate as well as the control of the gas distribution. Their
choice 15 dependent on the lollowing.

(i} I hewr elfect on bosh slag basicity

{ i) bolaiimie T inijmd sl

tui)  Utilization of hvdrogen in indirect reduction of iron oxide.

(v Productivity

iv) Fucl reguercanemd

ivi)  Cobe replacement ratio

Alternative Tool mpechon roguires additional blast heat, thus a combined blast e
simultanecus wgection of atmosphenic blast, process oxygen and injectants is adopted
(Ulignor 1986} Thos a werkng relationship is established to maintain a thermal balonee,
since dnjectints redoced the Mo emperature, In iron making process n the blast
furnace, the injectants” carbon combines with the ore’s Oxvegen to form Carbon
monoXide and Hydrogen gas leading high quality molten iron with a lower Oxyveen

contents { Tsukasa [998).

Various work have been carried out on different injectants and results have shown
that they have different eflects (Guili 1986, Tavorovskii 1980, Gudenau 1986, Ulianor
1980, Watanable 1986, and Athapan 1996), igh slag basicity has an adverse effcel on
the permeability ol the furace, thus reducing productivity. Low ash basicity leads to

better liquidus temperature, Muidily, and permeability (Athapan 1996).



High injection rate increases the residence time (Antonic 1994 and Gudenan 1986}, High
residence time increase combustion degree, and affects coke degradation.

Tovarovsky ( 1980) gives the cobe Replacement Ratio (RR) for various injectants.
Fuowr MNatwral gas
KR = (32772000 « 2.3) A
Ar=0.2-25x 0 Vg
Coke oven gas
RE = (23772000 + 2.5\
Ar = 0,10 - 107 Vg
Fuel wil
RE = | + 0472000
Ar = Uonslant

Ar = inorease o the degree ol mdirect reduction per unit blast addition.
T = Flame temperature
Vg = Consumption of natural gas NG, m*/t pig iron

Veg = Consumplion of coke oven pas CG, m pig iron

2.4.6 BLAST TEMPERATURE AND VELOCITY

The overall heal required for the blast furnace is obtained from the heat of coke
gasification, which is dependent on the temperature of the blast. The introduction of
igectant lowers the operating temperature ol the fwmace. Oxygen enrichment, and
increasing the blast temperature compensate for such. The blast temperature 1s usually

12007C or up 1o 1400"C, but the Name temperature must be within the rmnge of 2200K

and 2600k (Peacey 1978, Tovarovskii 1980).
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To obtain suflicient kinetic energy of the blast, the velocity must be high enough,
even up to 250m/s (Jose 1998 When there is fuel injection, the velocity of the blast must
be increased, because some gases like N;, Hj, and O; are gasified before the tuyere tip.
The velocity therelore needs 1o be increase by 15mis in view of the composition of the

iﬂj"-.‘:i.:E-Hul {Beppler 1994 )

2.5 OPTIMIZATION CONCEPTS AND ITS APPLICATION IN
STEEL INDUSTRY

2.5.1 CONCEPT OF OPTIMIZATION

Oplimization means fo select the best course of action' from the available
alternatives (Ray W.H. and Seekely Y. 1973). It involves finding the best solution to o
problem. Mathematically, this means finding the minimum or maximum of a function of
novarables, [{x ) ——, %) say, where n may be any integer greater than zero (Beale 1983).
The function may be unconstrained or it may be, subject 1o cerlain constraints on the
variables of the funclion.

The Lincar Programming (LP) is one of the most widely used optimization
techniques, and one of the most effective (Edgar and Himmelblan 1989). The term linear
Programming was coined be George Dantzing in 1947 to refer o the procedure of
optimization in problems in which objective [unction and the contraints are loear

(Dantzig 1963). Once the mathematical programming model has been formulated, we

communicated it to the computer programme, The LI* has a wide range of application

especially i Engineering, Agriculture and Manufacturing,



2.5.2 APPLICATION OF OPTIMIZATION IN THE STEEL
INDUSTRY
Mathematical programmang techmiques were used in the steel mdusiry as
carly as 1958, wnd many application of optimization in steel production have been
reported since then. Duttal and Fourer (2001). A survey of published applications

of oplumization are summansed below,

2.5.2.1 PRODUCTION PLANNING

I sa0 and Day (1971) developed a process analysis model of production in
the United States on a national level, A technology matlrix s estimated using
engineering and metallurgical information. This matrix together with the detailed
cost, siles and revenue Digures 15 then used in LIPP model of short run allocations of
the steel industry as a reliable. The study of Mexican steel modeled, by Kendrick,
Meeraws, and Alatoire { 1984) developed two static models Tor production planning
and one  dynamic model [or investment analysis. The two siatic models,
tormulated  as  linear programming models, are mixed production and
transportation problems. The dynamic model. formulated as o mised integer
programme. Their inputs were similar, and the outputs were, optimal product
distribution, and investment decisions.

In the production planning in Zambia, sashidhar and Achray (1991a) deal
with the problem ol plannmg m a steel mill with the objective ol maximiing
capacity utilization. The model is formulated as a maximum flow problem in

multiple activity network formulation for production planning with the priorities in
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a steel will, In another paper, Sashidhar and Achray (1991b) discussed the
problem of allocating the major components of process costs 10 various quantitics
ol products produced in a smelting shop of an alloy and special steel
manufacturing unit, Quadratic programming techniques was used 1o estimate the
consumplion pattern of important operational materials.

Also, m the production planning in Algeria, Sarma (1995) describe an
application of lexicographical goal programming at the only steel manufacturing
plant; Socicie Natwoale de Siderurgic, The lexicographical approach hus helped
the management 1o spell out aspiration level of several principal objectives such as
profitability, capacity utilization of some Key plants, and production quantity of
some key products.

Bacleteld et al (1986) describe an L-P based supply chain planning model
which plans purchasing, production, and distribution for many products in many

plants on an annual basis lor Hoesch, a German Steel-maker.

2.5.2.2 PRODUCT - MIX OPTIMIZATION

Fourer (1997) presents a model which grew out of a project to design an
optimization package lor steel mill planning for American iron and steel institute.,
This was based on generic model, which could be customized by any steel plant to
ils own operation, simply by supplying its own data, which has been proved
sucesslul, In United Kingdom, Lawrence and Flowerdew (1963) develop an
ceonomic model for steel production that Tocussed on the application to the

individual process. Bandyopadhy  ( 1909) also proposed o lincar programuming



model that allocates different capacities between two processes for production
planning, namely basic oxygen l[urnace and the open hearth furnace. The model is
a cost minimization model with all technological and fnancial constrainis. The
model can also predict the required operation level of blast furnace and lime
burning plant at different level of total steel production.

In the Indian steel plant, Dutta, Sinba, and Roy (1990), Dulta et al {(1994),
and Sinha et al (1995) deal with the development and implementation of a
miathematical model Tor optimal allocation of electncal energy ol Tata steel. The
puiding principle ol the model is that in the case of a power shortage, power 1s
allocated W those non-essential loads which have a higher profitability (based on o
mixed integer linear programming model). Hunneault and Galiana (1991) Mc
Cutcheon (1988), laler reported the use of power plants, such studies have
addressed the issue with a cost munimization modeling approach for power
generating and distributing plants, Fabian (1958), Biellicld, Walter and Wartman
(1986), Baker et al (1987) studied the most profitable use of an integrated steel
plant, where the problem has been addressed as a cost minimization or profit
maximization linear programming model. In the steel authority of India limited,
Shama and Sinha (1991), describe an optimization model for determining the
optimal product mix in which various issues relevant to the choice of an optimum

product mix ina steel making operation,
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2.5.2.3 BLENDING MODELS

Generally, the problems are formulated as cost munimization linear
programming models.

In the United State blast furnace/cupola blending, the results obtained from
Fabian (1967) enable producers to determine among others, the least cost raw
material, blending, optimal furnace scheduling and optimal raw material inventory
level, Meteger and Schwarxreck (1961), describe an application of linear
progromming for the determination of least cost cupola charging in an iron
foundry. Actual data, evolution of the solution, and cost saving were obtained
from the work.

[0 United Kingdom, Beale, Coen, and Flowerdew (1965}, proposed a model
in which the variables are usages, in a given time period of ore and other
materials, outputs of gi iron, and levels of certain factors that depend on the mix of
materials.

In Belgium, Hernandez and Proth (1982) approached the problem of
selecting the charge matenals from available stock m order 10 produce alloy as
cheaply as possible which extremely important to foundaries producing micro
components alloys, such as bronze and special steels, through the use ol a new
algorithm, The system has been implemented to give an improvement in profit,

In Sweden, Westerberz, Bjorkland and Hultan (1977) carried out work on
Fagersta AB, and the contact Research Group Applied Mathematics, Royal
Institue of Technology in stock-holum, The problem was modeled as a traditional

blending model with the additional constraint that some ol the variables should be



integer valued. The company produce stainless sieels in high frequency fumaces,
and used up to fifteen different types of scrap and alloys which are melted
ogether. The linear programming model is a cost minimization model with
constrains given by weight restrictions and metallurgical composition restretion,
The implementation of the model has decreased the cost raw material by 5%.

In East European countries, Muteana and Rado (1960) solved a blending
problem in a Rumanian Steel Plant that deal with the raw material loading of an
wron-smelting furnace in such a way as to oblain an optimal production at
minimum ¢ost ol pig iron, taking into account delinite prescribed production.
Tarabar (1963) developed a model in Yugoslaria, which has a objective of profit
maximizbion. I provides an elementay example of the use of the lincar

programming and in deciding the composition of fumace charge fi i ace,
I..II-__.»-—'_-\-\.\_‘\M—h'!'Il.

§~
{ =1 )
5 i I -
2.5.2.4  BLAST FURNACE OPERATION \ >

Many researchers have carried out work, and the development of models
for the operation of blast furnace. Peacey and Davenport (1979) development
models for the blast furnace operation, focussing on the use of alternative fuel
mjectants. The modelts can be used to determine cost of materials, raw materials
balances, and the thermal requirement and implication on the furnace.

Deitz (1997), describes a system developed by Voest Alphma Stahl, an
Austrian lirm, for controlling blast furnace performance. The system consist of a
series of computer models for various phases ol blast fumace operation, |1
includes a burden optimization model for determining the optimal mix of inputs,
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while other models determine control settings and hot metal qualities. Zuo et al
(1998) report on the design of three models base on neutral network for
recognition of tep gas distribution, distribution of the heat fluxes through the
lurmiee wall, and the predictiion of ships in the blast furnace. lokala et al (1995),
describes the application of an expert system, at the finish firm Rautaruukki Oy, to
blast furnace control. lida et al (1993) describes several Al applications at
Kawasaki steel meluding luzzy milerence applied o store heal control and a
neutral network application 1o blast fumace burden distribution control.
Angstenberger (1996) describes the application of fuzzy clustering and neutral

network to blast furnace modeling and control at a German steel producer.
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2.6 THE MATLADB

MATLAB s o mathematical programming language built for solving the
tedious and the resulting interface slow problem, in interfacing in an environment
where complex mathematical caleulations are involved. MATLAD stands for
Matrix Laboratory. It was originally written 1o provide casy access o matrs
developed by LINPACK and ELSPACK projects. which together represent the
state-ol-the-art in software for matrix computation. In industry, MATLAD s the
ool of choice for high productivity research, development, and analysis, in
university environments, it s the standard instructional ool lor miroductory and
advanced courses in mathematics, engineering , and science.

MATLAB is a high — performance language for technical computing. 1t
integrates  computation, visualisation, and programming in an  easy-to-use
environment where problems and solutions are expressed in familiar Mathematical
notation.  Typical uses include;

( 1} Math and Computation

(2} Algonthm development

(3) Modelling, simulation and prototyping

(4) Data analysis, exploration, and visualisation

(5) Scientilic and engineering graphics

(6) Application development meluding  graphical wser merface building

MATLAB is an interactive system whose basic data element is an arvay

that does not require dimensioning.
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This allows solving many technical — computing problems, especially those
with matrix and vector formulations, won a lroction of the tme it would ke (o
wrile o progrann na scilor non — mleractive language such as C or Forbian.

MATLAB features a family of application — specilic solutions called
toolboxes. Very important to most users of MATLAB, toolboxes allow you 1o
leal and apply specialised technology. Toolboxes are comprehensive collections
of MATLAB functions (M-[iles) that extend the MATLAB envirommem to salve
particular classes ol problems. Areas in which tool boxes are available include
signal  processing, control  systems, neutral  networks, [uezy  logic, warless,

sunulation, and many others.

2.0.1 THE MATLADB SYSTEM

The MATLADB system consists ol [ive main parts:

i The MATLAD language. This is a high-level matrix/array language with
control How statements, [unclions, data structures, input/oulput, and object-
oriented programming features. [t allows both “programming in the small”
o rapidly create quick and dinty twowaway programs, and “progranuming

in the large™ to create complete large and comples application progruis

I

The MATLAB Working Environment, This is the set of ols and facilities
that you work with as the MATLAB user or programmer. It includes
facilities for managing the variables in vour workspace and importing and
exporting data, It also includes tools tor developing, managing, debugging,

and profiling M-hles, MATLARB s applications,



Handle Graphics @. This is the MATLAB graphics system. [t includes
high-level commands Jor two-dimensional and - three-dimenswonal - data
visualisation, image processing, animation, and presentation graphics. It
also includes low-level commands that allow vou (o fully customise the
appearance of graphics as well as to build complete graphical user
interfaces (GULs) lor your ops Operators and special characters,

The MATLAB Mathematical Function Library, This is a vast collection of
computational algorithms ranging form elementary functions like sum, sine,
cosine, and complex arthmetic, to more sophisticated functions like matrix
inverse, matrix eigenvalues, Bessel functions and Tast Fourier transtorms.,
The MATLAB Application Program Interface (AP1). This is a library that
allows you to write C and Fortran programs that interact with MATLAB. It
includes facilities for calling routines form MATLAB (dynamic linking).
calling MATLAB as a compulational engine and for reading and writing

MAT-liles.

2.6.1.1 PORTABILITY

IU's sometimes necessary to work with MATLAB implementations on different

computer systems, or to transmit MATLAB applications to users on other systems.

MATLAB applications consist of M-files, containing [unctions and scripts. and

MAT-files, containing binary data, Both types of files can be transported directly

between dillerent computers:
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l. M-liles consist ol ordinary text. They are machine independent,  While
different platforms terminate lines with various combinations of CR
{carriage return) and LF (line feed) characters, the MATLAB interpreter
lolerates all possible combinations, (However, text editors and other tools

oy ol work correctly with M-files form other platforms.)

[ 5]

MAT-files are binary and machine dependent, but they can be transported
between machines because they contain g machine signature in the file
hewder:  MATLADL cheeks the signature when b loads o Tile and, 1
signature indicates that a lile is loreign, performs the necessary conversion.
To us MATLAB across diflerent platforms, you need a program for
exchanging both binary and text data between the machines, When using these
programs, be sure o ransmit MAT-liles in binary lile mode and M-files in ASCI

file mode,. Failure (o set these modes correctly usually corrupts the data,

2.6.1.2 M-FILES

Files that comtain MATLADB language code are called M-files. M-files can
be functions that accepl arguments and produce output, or they can be scripts that
execute a seize of MATLAB statements. For MATLAB to recognize a file as an
M-lile. its name must end in .m. You create M-files using a text editor, then use

them as you would any other MATLADB function or command.
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2.6.1.3  SCRIPTS

Scripts are the simplest kind of M-file = they have no input arguments.
They're uselul for auwlomating series of MATLAB communds, such as
compultations that you have to perform repeatedly Irom the command line.

Scripls operale on existing data in the workspace, or they can create new data on
which to opetate. Any variables that scripts create remain in the workspace after

the seript linishes so you cans use them for further computations.

2.6.1.4  FUNCTIONS

Functions are M-files that accepl input arguments and return oulput
arguments.  They operate on variables within their own workspace.  This is

separate form the workspace you access at the MATLAB command prompt.

2.6.1.4.1 BASIC PARTS OF A FUNCTION M-FILE
A function M-fle consists of:

L. A Tunetion delinition line

2. AL hine

3. Help text

4. The function body

5, Conumnaent
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2.6.1.4.2 FUNCTION DEFINITION LINE

The function definition hine informs MATLAB that the M-file contains u
lunction, and speeilies the argument calling sequence of the function,

ALL MATLAD lunctions have a lunction delinition line that follows this
pattern. 11 the function has multiple output values, enclose the output argument
list in square brackets. Input arguments, il present, are enclosed in parentheses.

Use commas to separate multiple input or output arguments.

2.6.1.4.3 HI LINE

The HI line, so named because it is the first help text line, is a comment
lme immediately lollowing the lTunction delinition line,  Because il consists of
comment Lext, the HI line begins with a percent sign “%™,

This is the lirst line of text that appears when a user types help function
name at the MATLAB prompl.  Further, the lookfor command searches on and
displays only the HI line. Because this line provides important summary

information about the M-file, it is important 1o make 1l as descriptive as possible.

2.0.1.4.4 HELP TEXT

You can create online help for your M-liles by entering text on one or more
conunent lines, beginning with the line immediately following the HI line. When
vou type help hunction name, MATLARB displays the comment lines that appear

hetween the function definition line and the first non-comment (executable or
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blunk) line. The help system ignores any comment lines that appear after this help

block.

2.6.1.4.5 FUNCTION BODY

The function body contains all the MATLAB code that performs
computations and assigns values o oulput arguments.  The statements i the
function body can consist of Tunclion calls, progromming constructs Hke ow
control and interactive inputioutput, calculations, assignments, comments, and

blank lines.

2.6.1.4.6 COMMENTS

As mentioned earlier, comment lines begin with a percent sign (%)
Comment lines can appear anywhere in an M-ile, and yvou can append comments
Lo the end of a line ol code. The liest ¢comment line inmediately following the
[unction definition line is considered the HI line for the function. The HI line and
any comment lines immediately following it constitute the online help entry for
the file. In addition to comment lines, you can msert blank lines anywhere in an
M-lile.
Blank lines are ignored. However, a blank line can indicate the end of the help

text entry for an M-file.
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2.0.1. 4.7 FUNCTION NAMLS

MATLAL lunction names have the smue constraints as variable names.
MATLAB uses the first 31 characters of names. Function names must begin with
u letter; the remaining characters can be any combination of letters, numbers, and
underscores,  Some operating systems may restrict function names 1o shorter
lengths. The name of the text file that contains a MATLAB function consists of
the lunction nmme with the extension .. appended.

If the Glename and the function definition line name are different, the
mternal name is ignored. Thus, while the function name specified on the function

definition line does not have to be the same as the [lename, - s

2.6.1.4.8 SUBFUNCTIONS

Function M-liles can contain code for more than one [unction. The lirst
function in the lile is the primary function, the function invoked with the M-file
name. Additional functions within the file are Subfunctions that are only visible to
the primary lunction or other Sublunctions in the same fle.

Lach subfuntion begins with its own function defmiuon line, The
funcuons, unmediately follow each other. The various Subfunctions can occur in

any order, a5 long as the primary function appears first.



CHAPTER THREE
30 MATERIALS AND METHODS

3.1 MATERIALS
For the purpose of this project work the data collected for the programming are
abtained from the Nigerian blast furnace at Ajaokuta Steel Complex. The auxiliary fuels

used are:

- MNalural gas 75% Carbon 25% Hydrogen

2. Bunker C Oil &6% Hydrogen 4% Hydrogen

¥ Coal dust 79.2% Carbon 3.4% Hydrogen
12.4% Oxygen

3.2 MODEL FORMULATION

Muodel can be deseribed 1o be a simplified representation of a certain aspect ol a
real system. Mathematical model is a representation of the essential part of an existing
system {or a system o be constructed), which presents knowledge of that in o usable form
and is created using mathematical concepts such as functions and equalions.

The main aim of formulating models in this work is to provide a basis to: calculate
the quantities of coke, injectunts, and blast air require lor the production of a given
quantity of hot metal, and 1o predict their effécts on the thermodynamics and kinelics of

the system.
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3.2.1 STOICHIOMETRIC DEVELOPMENT

The three basic clemental balance equations is which the blast furnace must obey

under a steady state condilions are;

n'le=n"TFe e P e P s Gt SR U i 15 |
n'C=n"C e L TR Gl g PR R A A LA At i 127
B e e B (3.3)

I i ! ‘ q ; .
sl e are e member of mules of cacl component enlering and leaving the Turmaee

respectively,

(QVCY = moles ol Oy leaving the top gas per mole of carbon leaving the top gas.
(VFe)" = moles of O entering in iron oxides per mole of Fe entering in iron oxide.
(C/Fe)"™ = moles of C leaving in the molten metal per mole of product Fe.
XE COy =(0/C)F =-]
X Or=2a i . s L
X5 COyand X* CO are the mole fractions of CO and CO; in the top gas.
(O/Fe)* - for hematite =/,

- for magnetite = %
Iron Balance;

The only outlet for Fe is the molten metal, thus

o B B e L B



Carbon Balance;
Carbon leaves in the top gas and in the iolien iron.
v TR 7 1 RS | I )
Oxygen Bolanee;
Omygen cnters i the blast air and iron oxides, and leaves in the wop gas.
p D= O R s a2 (38
O =0 O E s e (3.9)
Therelore,
NG + (OFe)* = 0% . (OO o ceerneveersssrernaans (3.10)
10 = moles of O threugh the blast air per kg mole product Fe.
n°C = moles of C leaving in the top gas as ui'..h-:r COy or CO,
The actual carbon, which actually reacts in ihe reduction production is n*C; whicl
ends up as either CO or CO.4.
Therelore,
e s e o SRR
Substitute eqn, (3.11) in eqn. (3.10)
DO+ (Oe) = 1M (O e rieeeeeeeee e ni(3:12)
IF'coke is the only souree of carbon; n'C = n"*°C and n'C =nC
Fromegn. 3. 7 & 3.11,

T WO Tl S (8 ) o OO (3.13)
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3.2.2 ENTHALPY BALANCE

Under steady state condition,

Enthalpy into the [urnace = Enthalpy out of the lurnace.

Thus,

nFe:05.H 0 = H g0 + 18COH 505 + 1*CO2H 20 v (3.14)
Fe,04 g o COsy

Rearanging to give a positive value,

nFe05(- H'ang) + H' o = n5CO(- H'yop) + 05CO3 (H 20g).- oo (3.15)

Fe, 00y Py CO Cco,

Heat Supplied = Heat Demand

5 = D

D = nFey0x (- H'05) + H° 1300
]:E:{]] Fl..'!|

$ = 0O (- H'0) + n*CO;5 (H08)
Co Coy
Numerically, {from appendices IV & V)
W = 1y == 826000 K)(kg mole of Fe0,)!

I‘.I.Tz'; ‘h.'l J.'Iﬂ_l'“].

H' = H'ay = - 111000 KJ(kg mole of COY”!
Co co

Hs = Hgy = - 394000 KJ(kg mole of CO,)!
ey CO,

HY 00 = (H" 500 = He5)= - 73000 KI{kg mole of Fe)"'
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I Fe Fe,

Egn. 3.14 becomes
nFe; 0. 826000 + 73000 = n*CO. 111000 + obCO4.394000 ........ (3.16)
One mole product Fe requires ¥2 mole input Fe;O4, thus, nFe;Oy= 4

Substituting eqn.3. 4 &3.5 into eqn.3. 15

Vs 826000 + 73000 = nC {(2 - (O/C)* -1) . 394000} ........... (3.17)
Y4 826000 + 73000 = nC {283000, (O/C)* - 172000} ......... (3.18)
D 5

Eqn. 18 can be rearranged to give

D 172000
SRR i 5 & B R ST PRI (3.19)
283000 283000
Subtract eqn. 3.19 from eqn. 3.12
D 172000
WOEREE . ol  Eal b e e
283000 283000

Eqn. 3.12 and 3.20 are the basis for the “Rist Diagram™ (Rist 1977). The
diagram can be used to obtain a graphical view of the efficiency of the furnace,

and the effects of changes in operating parameters.

3.2.3 THE WUSTITE REDUCTION ZONE.

Eqn. 12 can be rewrilten as

O+ (O ™ = a0 (O™ ..o vierrnmrsrrnesisernnnssmensand 32 1)



wrz = wuslite reduction zone.

The only iron-bearing material in this zone is Feg gy O.

(OfFey*™™ = [.056

Also, CO A+ Feg gy O, 0.947Fc + CO,

According W Stll (1970), at 200K, (he equilibrivin composition is

ACO=0.09= 0.7 —

[ ]

X COy=0.306= 0.3

Therefore,

(O™ = 1.3

Substitution these numerical values into eqn. 3.20,

WO L6 = 1300 wsvmmimemasistinsmimm: {323)

The enthalpy eqn. for the Wustite reduction zone can be summarises as,

L06.H 00 + {nC + (OfFe)" ) H o0 + n20.(1H TB + 0.79 + % H'TR) =
Fey pazl) C 0 0.21 N

Hnmm + {{:Jr!"-l:}m - Humr_m i |1."‘C {{2 = I:.D.I'ICF“M} i Hu|m|].+ {{Uﬂl‘.ﬂ]“m‘! = |} B ]'quuu}
I:L'-| {E} () C'i'_'-lz

+ nuﬂ- MEL"‘E, i'iu|11||;| D 0 N R e e e W e e E T R P {3.13}
0.2 N
upon simplifcation, ¢qn 3. 23 becomes

D'rl-rl o 51-'. rx
=" (2 - (O/CF"™) . H i+ [(O/Fl™™ 21} . H a)
0] L T
+ ELE g, Ve jzp0 (0T (OMOP™ — % - L0 e s verserinnss (3.24)

0,
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E“ = {!-",;““']'B -4 Huum:l + 0.79. (% H*TB - H“izm}-----..",.......... (3.25)
s 0; 021 N MN;

Tgn = blast temperature
E™ = blast Enthalpy
Numerically

H'g = = 113000 Klikg mole of COY"
Co

Hyaw = - 395000 KNk mole of CO5)”
Ly

(O/IC)F"™ = 1.3

eqn. 3.24 becomes
U'-"‘Iz = H"-‘HI

=n"C (198000) + E*.n"0. - o H’ 30001 30%C - 0%0 - 1.06}.............. (3.26)
0

The last lerm ol egn 3. 26 is always zero, therefore egn. 26 becomes.
D'".‘!.l =y S'.'I'ﬂ'

=n"C . 198000+ E®0%0 wooirereoooooeeeeeee (3.27)

Recall egn. 3.22,

"0+ 1.06=13n"C



n"0=130"C - 1.06
Substitutmg into eqn, 3.27
D'l'l-TI = S'!-‘-T..':

= n*C (198000) + E%1.3n"C - 1.06}

=n™C (198000 + L3EM= 106 ooverevieneriernanns

47
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24 TUYERE INJECTION EFFECT

mt is gencrally represented as

1' :I'GI

Vis termed the mole of injectant per mole of product Fe,
rhi etrically. the elements present in injectants are;
- xN' (mole of C per mole of product Fe)

en; v N (mole of H: per mole of product Fe)

Ween: N (mole of O per mwle of product Fe)

grbon balance;

BB 00+ XN o151 RSOSSN | 1, .
B, iﬂﬂﬂﬂ't",’

nO=1"0 +(OFey +ZN".......ciiiicnnnn L (3.30)

1" 0= 1*CO .+ 208C0, + P 10 IR e TR 1 . 1
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The Stoichiometric equation is given as

n"C + (OFey™™  + ZIN' = oC (X®™CO + 2XM™C0)+ ywN' X™H,0

where (O/Fe)™™ = 1.06

XE O = ()7

X 00, = 0.3

The value of XH**" and XH.0"™ are;
XH™ =062

XH, 08 = (.38

Inserting these values into egn 3.32.

n'0+zN'+ 1.06 = o C{LI+y.N' (0.38) ooviininne

In the Enthalpy form,

DM e g

Recall eqn 3.27

= n*C (198000) + E""0

The total heat demand is altered as

heat demand = D™ + N'D’

R STRIY 1 I P

FEPRARARSER (2 )

D' = injectant heat demand, KJ (kg mole of injectant)” from eqn. 3.33 the heat demand

can be simplilied as

- S
ki i Lk w

£



”m.e_l HIE]I - 5“”

= I'I'Il"t._1| {“.?I |Ih‘.g|p| 1 ':]‘..-“Ilm.uu} - ().34. }'-NI I['|;!|p_| + IE“-n“'ﬂ .......,{],}4
Ll Oy 10

H' 0 = =113000 KJ(kg mole of pas)’
CO

H'j300 = = 395000 KJ{kg mole of gas)’
(]

H' jagy = - 249000 KJikg mole of gas)”
H,0
Substitute into egn, {3.34)
Dwr.r. e Nll:ll == :'.';-“”
=0"C (07113000 + 0.3(-395000) - 0.38(-249000 + y.N' + 1 40
D"+ N'D'= n*C (198000) + y.N' (95000) + E".0%0 ......... (3.35)
D' is given as
D'y =-H', t % (W= H'de+ y (H o~ H)Hy + Z
Y (M am0= H'O wvvnieiie e (3.36)
U Ha)v O,
I = mjection emperature,
B s the sum of the heat demand of the clements in the furmace, Therelore:
D™ = D + (C/Fe)" . D° + D + (Si/Fe)™ . D* + (Mn/Fe)™ . D™ + (PFe)™ , D" 4

Wislag: D™ 4 0CaC0 DI i s v e TEED)

i le © 1 » o
D", DF, DY, D™, D", D™, D**? are the heat demand of such element and product.

50



The calculated values of the heat demunds arc given as (Peacey 1979),
DM= 873000 KJi{kg mole of dissolved Siy"
¥ = 435000 KN kg mole of dissolved Mn)”'
[ = 44000 KJ(kg mole of dissolved CY*
' = 319000 KJ(ke mole of dissolved Fe)”!
D™ = SA1000 Klikg mole of dissolved Cat '05)!
(CiFe)”, (Silte)", (Mn/Fe)", (P/Fe)", are the moles of such element per mole ol product
Fe. They are specified rom data collected about a particular fumace,
The slag heat demand is caleulated from the data given by (Foerster 1967) 1o be,
D™ = 250 KJ(kg of Skag) )
According lo Peacey 1979, D' is given to be,
D" = 6.4 x 10°m'he'" % hearth diameter (m)

Pig ivon Production e (Kele") x %Fe in Pig Iron
55.85 10k

When using injectants with known weight percentages of ils composition and known
Heal of combustion,

Equation 3.12 becomes,

W0 = 0™+ 140 W= (O ot 330 :
[ Oy T
W' = injectant :E:jl

QT
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Equation 3.22 alse becomes,
o +1.B. W'+ 1.06=13.n% +038% A W' .o, 3.40
1 (H)
likewise equation 3.35 becomes
D™+ WL D'W . n'e. (198000) + %4, & . W', (95000} + E% n"%........ (3.41)
100
The injectant heat demand D'w is given as:
1]"'.-\.' =[| :I.l':“ = L l_. Hljlg,g = !l"r:.._:l'l.-__n “I'_gl;,g J

12100 €Oy [0 H.O

LSS U WG - S T WO G T
12 100 12 100

+ [L.L]..ara[1|“.m.,—|1"19,g . IO . 7.
28 100

", i e heat of combustion of the injectant, given as:

Hi=_1 o 05 Was—% % Hia—H' cvornrirrrerereen (343)
2 100 CO, 100 H,0

— N, is the of dissociation of the injectant
B=wl% C p=wi% N

=wi%H f=wt%0
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3.3 THE DATA PROPOSED FOR THE FURNACE ;
TABLE 2.1 CHARGE MATERIAL

DESCRIFTTON UNIT VALUE

Sinter Analysis
FFe (Total}s Y 52.70
Fe; 04 %o 00,29
Fes Y 13.55

{ Mn e 1.03

| P Yo 0,036
8 %o 0.011
MnO Yo 1.33
S0 o 9.03
Al Ya [0
Cal Yo 12.09
Mg %o 242
TiO %o 0,05
Pa0; %o 0,026
Cuke Analysis
Ash Yo 13.0
Sulphur %a 1.2
Volatiles %o 2.0
Humidity L 1.0
Carfwin o Hia
Orpanic Mass of Coke
N %o (.33
Ha o 0.25
Oy o 025

e % 86.21
H-0 %o 2.7
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TABLE 1.2 FURNACE PRODUCT

DESCRIPTION UNIT VALUE
et Metal Analysis |

i o 0.8
Mn % 11

b Yo 0.025
p Ya 0.06T
C % 4.4
Si0, % 28.59
Al U 0.07
Ti0, %o 0.19
CaO %o 44.10
Mg() Yo 8.0
MnO Y 1.94
FeO Yo 0.25
Alkalis % 0.25
S % (.50
B/ Gus Analysis

Co Y 29.08
CO; % 17.68
H2 Y 11.26
N; I Yo 41.98
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TABLE 2.3 DIMENSION OF THE FURNACE

PARAMETER UNIT VALUE
Diameter Hearth Mm 9150
Belly Mm 108900
Top Min T300
Large bell Mm 5400
Height Hearth M 4300
Hosh M 3000
Belly Mm 1700
Stack Mm [ R200
Top Mim 2900
“Dead Space™ Mm L1103
Distance from slag notch centre-line tvim 1800
Effective height of fumace Min 3000
Hearth Area m° T4.67

b




TABLE 1.4 CONSUMPTION AND OUTPUT

DESCRIPTION UNIT VALUE
Matural gas consumpltion | Nonfton ol Fe 115
Skip coke consumption Kg/ton of e 475
Consumption of gas for

blast heating;

Blast furnace pas N.m/ton of Fe 400
Natural gas N.m/ton of Fe 10
Diry top gas recovery N.m/ton of Fe 1660
Oxygen enriclment g 30
Flue dust yield Kgton of I'e 15
Chutput ol Turnace:

Diaily output Tons/day 3860
Annual output Thou. Tons/vear 1350
Slag basicity:

In term of CalySi0s ratio | Unit 1.14
In term of _ CaO/MgQ | Unit 1.17
ralio Al 4 8,

Relative weight of slag Kg'ton of fe 300
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34 OPTIMIZATION METHOD

The objective of the optimization is o minimize the total cost of fuel required for
producing a piven quantity ol liguid iron,
This objective function i.e. the cost equation is given as;
Total fuel cost (W) = Cost (M) of coke + Cost (M) of injectan

'er kg of product Fe per kg of product e

This can also be writlen as:
Total Cost (M) = n“"C (M) + N' (M

This objective function is evaluated by the linearly related operating
equations {(eqn. 3.29, 3.33, 3.35, 3.39, 3.40, 3.41),which describe the process.

3.5 CONSTRAINTS

The constrains entered into the program are:

e Those provided by the physical requirement of the furnace. According to
Peacey and Davenport (1978), the amount of coke that must be left inside the
furnace for proper burden support must not be less than 320kg (100%C). In the
model Torm,

nc> 1.5

[

The thenmal requirements of the process. According Lo Tovarowskii et al (1980)
the lame temperature must be between 2200k and 2600k,

2200k =T = 2600k,
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3.6 THE PROGKKAM

The operating equation, constrains, fuel parameters, and the furnace
operating data are input into the linear optimization computer program

The coke/injectant ratio is wvaried. The operating equations and
constrains were solved as simultaneous equations changing inequalities to

equalities. The results were stored into arrays. The algorithm is as shown.



/ Select injectant /

Input fuel parameters
& operating Data

Calculate fuel Enthalpy
And heat demand

l

Calculate Operating paramelers

:

¥
For Ne/Ni=010 1
Solve Operating equations and
Constraints as simultaneous equations
Changing incqualities to equalitics,
Sloring result into arrays

\
Calculate NCk, Ni, NOB, NO, }

Flame temp, cost for each
elements of arrays

¥
Find solution that meets
constrails from array

OO ©

ol




Does solwtion
Satisfies Constraifs?

}

FIGS: THE ALGORITHM FOR THZ PROGRAM



CHAPTER FOUR
4.0 RESULTS AND DISCUSSION

4.1 RESULTS

The results obtained after running the program are in appendix 2and as shown in Figures
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Fig 6: Plot of total Quafity of fuel against flame temperature at blast temperature of

1200k for natural gas injection,
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4.2 DISCUSSION

4.2.1 STOICHIOMETRIC ANALY SIS

It is generally observed that coke and injectant consumption have an inverse
relationship as both the blast and flame temperature increases; thus confirming that
injectants substitutes coke. This is attributed to the reducing components (carbon and
hydrogen) contained in the injectants.

The replacement of coke by injectants (the weight replacement ratio of coke per
kg of injectunts) varies with lemperature and injoctant type. The coke replacement ratio is
made up of two components; coke saving from the decrease in the degree of direct
reduction, and lowering (rise) of coke consumption because of the chanpge in the amount
of heat introduced into the furnace and carried out. Hence replacement ratio increases
with rise in blast temperature. The replacement ratio of coke by heavy oil with increasing
heaving oil consumption falls less significantly than with incrénsing natural gas
consumption.

The blast air required for the various injectants varies, Table 6, Fig 6, 8, 9, 13 and
Appendix IL It is observed that Natural gas injection has the highest requirement. This
higher blast requirentents and Cxyveen I:I'Jl'il.‘hl'l.'l.ﬂ‘l.[ of natural pas injection compared with
Coal and OQil can be attributed to lack of Oxygen content as in Coal and Oil. As a result,
blast requirement to burn unit quantity of natural gas and subsequently the vield of tuyere

oas is higher for Natural gas.

Tl



4.2.2 THERMAL ANALYSIS

Changing blast temperature affects the flame temperature and heat loss in
production zone. Flame temperature inereases with increase in blast temperature and so
also is heat loss in production zone The flame temperature is also observed to fall as the
amount of injectant increases and rises as the quantity of coke consumed increase, Table
3, 5, Fig 6, &, 9, and Appendix il

As fuel is injected, in effect hydrogen replaces Nitrogen in the tuyere gas. As
hydrogen reduction replaces the solution less reaction, the thermal requirements (o make
& tonne ol iron decrease markedly. The endoliicrmic reaction of injectant combustion
maintaing a thermal balance unaltered, the blast tempernture is either increased, or
oxvaen cnrichment increased.

The oxygen enrichment reduces the heal loss in production zone and reduces the
nitrogen contents of top gas. The reduction in heat loss in production zone with increase
in flame temperature is connected with decreases in M; content of the pas leaving
production zone. Na has been decreased due to increase in 0s. This estublishes N7 as the
main heat transporters in the furnace. Top gas lempératwre plso goes down reduction in
Nz

The enrichment of the blast with oxygen raises the {lame temperuture in the tuyere

zone thus permit some injectants to be ndded while still maintaining an acceniuble Femth



temperature. This enriched oxygen combust the incandescent coke and injectant to CO,
producing heat for melting and CO for reduction.

Reduocing the coke rate leads to reduction in flame tempetature, blast consumption
and slag volume and therefore increase in production rate but also a situation of thermal

imbalance may arise.

4.2.3 COST ANALYESIS

In trying to assess the technologict] aspect of the use of fuel addition and Oxygen
enrichment of the blast, the main criterion in assessing the promise of any auxiliary fuel
injection in the final reckoning is e overall sconomic effectivencss,

The maximum economic effectiveness is thercfore achieved at the optimum ratio of
consumptions of fuel additions and Oxygen.

The results clearly show that at higher alternative fuel injection rate, the cost
reduces. Table 3, 4, 5, Fig 7,10, 14 and Appendix II. This conlirms the main basis fu
which cheaper fuel is injected. '1'I11;:1:|.: is just a little reduction in cost os the blast
teaiperature increades at constant coliefinjectant consumption rate. On the othier hand, the
cost reduction is obvious at constant blast temperalure varying the cohefiniectant
consumption rate.

The furnace was designed to be operated at a coke rate of 475k Thm and natural

gas rate of 81kg (115m’ Y Thin, amoun! ng to ¥4,099.87 for the productivs of a tenne of
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hot pig iron which cost 311,135.00. Operating the furmnace according to the programme,

as much as M399.9 can be saved in every tonne of Fe produced.

Table 3: Effect of injectant on Blast Furnace Performance

Parameters Unit BLAST TEMPERATURE

1200% .! 1250k 1300k 1350k 1450k
Coke rale KegThm | 428.46 | 426,96 426.45 42554 22543
Naturzl gas rate Kg/Thm | 12428 | 124.03 123.88 12373 123.58
Oxveen rate kg/Thm 53.93 35.37 35.79 35.71 35.64 |
Total fuel rate Ka/Thm | 368.67 586.86 586.12 583.38 58465
Blast air Kg/Thm | 448.97 | 44839 44743 446,47 44352
Cost of coke | 8 /Thm: | 3607.70 | 3595.02 | 3590.72 358643 3582.19
Cost of natural gas & /Thm 44.93 44.63 44.59 44.54 44 49
Cost of oxygen B Thm 23.73 25.69 28.63 28.57 28.51
Tatal fuel cost & Thm | 3672.79 | 366038 | 3655.98 3651.00 364723
flame temp. oK 2439 2478 2518 2558 2588
carban from coke | KgfTie | 355.62 | 35437 333.95 353.53 3531
onsumed
Carbon from patural gas | Kg/Tie | 93.21 93.02 92.91 92,79 92.68
onsumed _
Motk cuvhon corssiniad | KgTle | 448.83 447 39 444,86 446,32 445,78

Tuhie 4: Optimum Cost Analysis And Comparism of Natural Gas Itiestion

Jariant | Quantity | Quantity | Quantily Cost | Cost dilference compared to the
"7 lof coke | of natural | of oxygen (#) [ Optimum Value
consumed | gas consumcd Per Porday | Per vear (M)
hgMThm | consumed | Kg/Tihum tonne {(F4)
Ki/Thm r (&0
1igh blast
565.13 = = 472489 | 1086.09 |'4,192,307.4 | 1,530,192.20]
Temp.
. 560.08 - 31.08 4740.23 | 106743 | 4,120,279.23 | 1,503,502,i27
High blast
[emp + 02
I eCLam 475.50 &l 30 405587 | 384.01 | 1.482.501.2 | 541.115223
Cesigned
pate
Optimuin 418,46 123.3 3592 | 367.280 - - -
1200" K
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Table 5: Effect of Oil injection on blast {lurnace perforinance and cost
Blast | Blast Blast Blast Blast
Parameters | Unit Temp. | Temperature | Temperature | Temperature | Temperature
{ 1 [t ik i
C C B % C
1200 1250 1300 | 1350 S
“oke rate KefThm | 425.52 | 42542 425.32 ! 425.21 425.11
Jil rate | Kg'Thm | 133.91 | 133,38 133.85 In 133.82 133.78
Xy pen rate Kg/Thm | 7.26 7.251 T.242 | 7.237 T.23
otal fuel rate: | KgMThm | 566.69 | 360,55 566.412 566.267 566,12
jlast air Kg/Thm | 226.88 | 226,73 226.59 226,45 226,31
o5t of coke #MThm | 3582.96 | 3582.08 3158121 3580.34 1579.47
o5t of oil #flhim - | 131239 | 1312075 131.1755 131.14 131.11
ost of oxygen | #Thm | 5.8082 | 5.804 58 5797 5.793
‘otal cost #Thm | 371611 | 3715.21 371430 FT13.40 ITI2A
Tt
mperature Ok 244946 | 2488.67 2327.88 2567 Zalb6
arban  from
ok consumed | Ko/keFe | 353.18 | 353.0% 353.21 352.91 3153.84
arbon  froam
il consumed | Ko/kpFe | 115.16 | 115.13 115.11 115.08 115,05
alal  carbon
onsumed KgkgFe | 468.34 | 4068.22 468.12 467.949 a7 8
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Table 6: Cooling & coke replacement characteristics and the effect on colie rate

for Typical injectants

Variant | Blast | Optimum | Optimum ﬂpﬁmugllﬂptimum Flame | Replacement |

temp. | cost Rate | Injectant | oxygen Blast air | Temp. | Ratio |

ok Kg/Thm | Rate Injection | rate 0K

Kg/Thm | rate Kg/Thm
Kg/Thn

\High
Blast 1200 | 565.18 - - 427.62 2450 |-
Temp.
lh!uluml 1200 | 428.46 123.28 28.92 448.94 2439 |1.10
ik
‘iﬂil 1200 | 425.52 133.91 7.26 226.88 2449 | 1.48
:EDEI 1200 | 428.99 148.75 - 244.63 2379 | 0.91
I

Optimum cost for coke only without injectant =MN4758.89/Thm

Optimum cost for coal dust injection = M437348/Thm
Optimum cost for oil injection =N3716.1 L/Thm
Optimum cost for natural gas injection = M3699. 72 Thm
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4.2.4 OPTIMUM SOLUTION ANALYSIS

In a bit to reduce the consumption of coke, at the least, cost, it is proposed that the
Blast furnace should use natural gas as blast additive due to its high coke saving. This
should be accompanied by oxygen enrichment of the blast, which compensate to a
desirable level for the cooling effect of natural gas on the flame temperature.

From the experience of blast furnace operators, and this work, Oxygen enrichment
permits the use of more tuyere injectant, This work had provided the operational choice
with their corresponding cost and thermal implication. As revealed by the results, it is
quite obvious that the furnace can be operated at a much minimised coke consumption
rate, compared with the design. Based on the operational and physical restrictions, the
best optimum solution is natural gas injection at 1200k (Table 4 and Figure 11). Higher
blast temperature will attract higher cost for heating which are not included in the
programme, and may require the use of expensive higher heat resistance equipment.

Al the optimal solution, it can be seen that;

(13 123,2847kg of Natural gas per tonne of Fe lowers the coke requirement of the
process by approximately 136.4kg i.c. the weight replacement ratio is of the
order of 1.1kg of coke per kg of Natural gas. This lowered coke requirement
produces the desired effect of providing more gascous space at the shalt of the
furnace for iron ore, thus permitting higher permeability.

(2}  ™3,699.9 will be spent in producing a tonne of pig iron. If the furnace is to be

operated at no injectant, &4,768.71 will be spent and if to be operated at the designed



(3

(4)

(3)

fuel combination, #4099 87 will be spent. A cost saving of M1,064.97 is obtmined
when compared with no injectant, and 3399.97 when compared with the designed.

The total carbon requirement of the process is decreased by injecting natural gas i.e.
from 565.1891kg of carbon (from coke only) to 5320.6176 of carbon (from both coke

and natural gas) per tonne of product Fe. This is due to the contribution made by
hydrogen towards reducing wustite in the wustite reduction zone.

The blast oxygen requirement is slightly increased with natural gas injection.
This extra oxygen is necessary to compensate (by combusting extra oxygen)
for the heat demand of the injectant,

With oxygen eorichment of up to 30% the total gas volume 15 Kept not too
high, thereby decreasing the amount of Nilrogen entering the [urnace per kg
mole of product Fe. Thus, the enriched oxygen compensates for the cooling

effect from the injectant, and the nitrogen,
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CHAPTER FIVE

5.0 CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

When a blast furnace is being operated in the era of high cost of metallurgical
coke, it is important to carefully analyse and evaluate the performances of other cheap
alternative fuels available at such locality, which will meet both the Stoichiometric and

thermal requirement of the process,

This work has clearly shown the flexibility of the blast furnace process, and how
the mput parameters can be optimized in order to minimize the consumption rate of
Metallurgical coke, still maintaining a good process controllability. Altemative fuel
injection with increased blast temperature enables optimum raceway flame temperature
and burden support to achieved and controlled.

Reliance on cheap Natural gas saves diminishing supplies of expensive
Moetallurgical coking coal requiring high-cost coke ovens. By this prediction procedure,
the total inputs can be evaluated in the absence of costly experiments. More so, the value
of auxiliary fuel injection will increase as the availability of metallurgical grade coke
decreases, as coke-oven production deteriorates, and as coke-oven environmental
emission standards becomes more stringent.

This optimization work meets both the operating equation and the furnace
physical restrictions. It has been found to be both technically acceptable and

economically justified.
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For optimum, from the techne-cconomic analysis of the Optimization
programme, using the data from the Nigerian blast furnace at Ajaokuta Steel
Complex, the following conclusions can be drawn;

The coke consumption rate should be 428 46386kg/Thm. while the natural
gas consumption be 123.2847kg/Thm. Since the coke charge are to function more
as support, they should have a high hot coke strength (CSR), and lower coke
reactivity (CRI).

The blast temperature should I:_:e maintained at 1200k, because higher blast
temperature is always cost demanding,

In order to increase the flame temperature at such fuel combination, the
blast air should be enriched with oxygen, up to 30%.

The coke, should be charged at the centre of the furnace for proper burden

support, while the natural gas being blown through the tuyere at the wall produces

much of the heat needed, and the reducing gas.

5.2 RECOMMENDATIONS

In order to obtain a better furnace performance and operating the fumace at
the optimum fuel combination, further research work should be centered on
obtaining a coke with high hot coke strength (CSR), and lower coke reactivity
(CRI). Also, effort should be made on improving the charge distribution system to

ensure changing coke at the centre of the furnace to give enough burden support.
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APPENDIX I

THE PROGRAM

iprogram to optimise the fuel cost of blast furnance
% written by Aboginije Peter Apata

injectant=input ('Enter the injectant number, CH4=l,
0il=2, Coaldust=3 "):

teta=input ('input the percentage compocsition of carbon
in -injectant, teka Y):

" beta=input('input the percentage composition of
hydrogen in injectant, beta '};

phi=input ('input the percentage compositicn of oxygen
in ‘injectant, phi '};

switch injectant
case 1

HOTBNI=-75000;
Di= 145000;
material="Natural gas';
inj=0.4%2;%cost
case 2
x=1/12*{teta/100);
y=1/2* (beta/100);
z=U;
HOTBNI=-1660;
Di=4700;
material="0il";
inj=0.598;%cost
case 3
*¥=1/12*({teta/100) ;
y=1/2* (beta/100) ;
2=1/16* (phi/100Q);
HOTBNI=0;
Di=2400;
material="'Coal Dust®;
inj=5.4;%cost
end
temp=input ('input the operating temperature'};
t=num2str (temp);
wtC=input { 'input weight percent of carbon in
injectant'): -



wtH=input ('inpput weight percent of hydrogen in
injectant');

#CFe("carbon content of the molten iron')
CFPe=0.22;
% Eb=input{'blast enthalpy')
Dwrz=388857;
toperating parameters
HOTBO2=36.2*temp-13500;
HOTBH20=47.4*temp-22200-242000;
H120DC=30500;
HOTBN2=34.4*temp-13000;
HTFCO=3%.6*temp-16400;
HTFHZ2=35.2*temp-17200;
HTFNZ2=36.4*temp-16500;
HOTBC=15.3*temp—40000;
HOTBHZ=32.5*temp-12200;
HOLZ20002=36.2*1200-13500;
$print heading for result NI/NC=injectant/coke ratio
Binitialise the ocutput file for results of calculation
3if ran without change, it overwrites the named file
tto change output filename, change the filename bealow
or
tadd another path
% galculate eb
Eb=1/2#*( (HOTBOZ2-29940)+3.762* (HOTBNZ-28280) ) ;
filenam=numstr{temp];
filenamemstrcat('a:',filenam, '.txt'};
% rest=fopeni{filename, 'w');
i=1;
No=0;
Cfor ¢=0:.0025:1;
a=198000+95000*y-Di;
b=Dwrz+198Q000*CFe-No*EDb;
$equation is entered as a matrix [ml]([d]l=Im2]
fwhere [d] is [NI NC]
ml=[a 19B00Q;-1 c];
m2=[b;0]:
¥solve for d
d=inv{ml) *ma;
Nii)=d(l);
MC(1)=d(Z);
NAC[i)=NC{i)+x*N(1)=CFe;
NB(i)=NAC{i)*I.3+y*N{1)*0.3B=z*N(i)-1.06;
switch injectant
case 1
NOB(L{}=NB{i)/1.08;

|



NO(i)= NB(i1)=NOB({i);
ONG=28B6.4"N;
INJ=0NG;
case 2
NOB(i)=NB(i)/1.08;
NO(i)= +4*=(NB{1i)-NCB(i});
QOIL=14*17.9*N;
INJ=00IL;
case 3
NOEB{i)=NB(i);:
NO{i)=0;
QUOAL=N*214.8/0.76;
INJ=QCOAL;
otherwise
NOB{i)=NB(1i);
HC(1)=0;
end
MHZ2o{1)=0.024*NOB (1) ;
flame=NOB (i) *1/2*HOTBO2+NHZ0 (i) *HOTBH20+N0 (1) *HOTBOZ+N |
1)y*HOTBHNI+...
( (NCB({i)+NH2c (1) +2*NO(i}) )=
WwtC/1200*N{1) ) *H1800C+ ...

1.88*NOB (1) *HOTBNZ+ (NOB{1i)+NH20 (1) +2*NO(1))*127400+ (NHZ
of{1}+wEH/200*N (1) )*1720041.88*NOB{1i)*16500;

flamel=(NCB({i)+NHZ2o(i})*36.0+ (NHZo{i)+wtH/200*N (1)) *35,
2+1,88*NOB{1)*36.4;

flamet{i)=flame/flamel;
Wo=HO (1) :

imi+];
end ;
QCK=(214.8/0.83)*NC;
QOG=286.4*N0O;
QCB=286.4*N0OB;
switeh injectant;

case 1
g=1;
while (QNG(g)<=125)
g=g+1;
end
h=1;
while (QCK(h)>=385)
h=h+1;
end

g=min ([g-1 h-1]);



cost=8.42*0CK+0.49*QNG+1 . 1 *Q0G;
hi=flgure;
plot (QNG, QCK, "--', QNG,360,'-',125,Q0CK,"'-.");
legend | 'Operating Equaticn Line', 'Minimum Coke
line', '"Maximum Injectant Line')
xlabel ("ONG (Kg)'):
ylabel ("QCK (Kg)'):
tit=strcat ({"OPTIMISATION GRAPH FOR MNATURAL GAS AT I
TEMPERATURE ", €} ;
titla(tit):
hZ=figure;
plot {flamet,QCK, '—=",flamet, QNG', "', flamet , QOB, '-
« o Elamet, QOG, "= )}
xlabel ( 'FLAME TEMPERATURE oK')"
ylabel ( "QUANTITY OF FUEL KG')
legend ("QCK"', 'ONG', 'QOB', 'Q0G'):;
tit=strcat {'GRAFH OF QUANTITY QF FUEL VS5 FLAME
TEMPERATURE AT ',t, 'cK');
citia{tit) s
h3=figure;
plot{cost QCK, ": !, cost, QNG,; '——" ,cost,Q0G,; '="};
#xlabel {'COST (Naira)'):
vlabel { ' FUEL QUANTITY (Kg)'):
legend ("OCK', "ONG'; 'Q0G']) ;
tit=strcat ('GRAPH OF QUANTITY OF FUEL VS COST
AT',t;"oK"});
title(tit);

LI:‘
=
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case 2

h=1;

while (QCK(h)>=385)
h=h+1;

end

g=1; ' -

while (QOIL{g)<135)
g=g-+1;

end

g=min{[g=1 h=1]}:
cosSt=8.42*QCK+0.9B*Q0IL+1.1%Q0G;
hl=figqure;
plobt (QOIL, QCK,; "':', QOIL,360,"'--",135,0CK,"-"};
legend ('Operating Equation Line', 'Minimum Coke
line', '"Maximum Injectant Line')
xlabel {"QOIL {(Kg)'):
viabel ("QCK (Eg) ')y
tit=strcat ('OPTIMISATION GRAPH FOR OIL AT BLAST
TEMPERATURE',t) ;
titleltit):
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hZz=figure;
plot {flamet,QCK, "——",flamet, QOIL, '
. ', flamet,QOB, ': ', flamet,QO0G, '-'};
xlabel {'FLAME TEMPERATURE oK')'
ylabel { 'QUANTITY OF FUEL EKG');
legend('QCK", "QOIL', 'QOQOB','Q0G");
tit=strcat {'GRAFH OF QUANTITY OF FUEL VS FLAME
TEMPERATURE AT ', t,'cK');
titlaitit):;;
h3=figure;
plot{cast, QCK, '-', cost, QOTL, "--",co8t, QOG, "' ) ;
#label | "'COST (Naira}"'):
ylabel ("FUEL QUANTITY (Kg)'):
legend| 'QCK', "OOIL', 'QOG") ;
tit=strcat{'GRAPH OF QUANTITY QF FUEL VS5 COST
AT t,"0K");
title{tit);:
case 3
h=1;
while (QCK(h)>»=385)
h=h+1;
end
g=1;
while (QCOAL{g)<=150)
g=g+1;
end
g=min([g-1 h-1]}:
cost=8.42*0CK+5.14*QC0AT:;
hl=figure;
plot (QCOAL, OCK, "4+, OCOAL, 360, "=, 150, GCK) 2
legend ('Operating Eguation Line', 'Minimum Coke
line?, "Mazximum Injectant Line")
xlabel { "QUCOAL (Kg) ')
viabel {"QCOAL (Kg}'):
tite=strcat ("OPTIMISATION GRAPH FOR COAL DUST AT BLAST
TEMPERATURE? ,t);
titlas (it}
hZ2=figure;
plot (flamet, QCK, '—-',flamet, QCOAL,": ", Elamat QOB "=.");
xlabel ('FLAME TEMPERATURE oK'}’
yiabel ("QUANTITY OF FUEL KG')
legend{'QCK', 'QCOALY, "QOB'}:
tit=strcat ('GRAPH OF QUANTITY OF FUEL V5 FLAME
TEMPERATURE AT 'L, 'eK'});
title(tit) s
h3=figure;
ploti{cost, 0CK, "--",coat,,JCOAL, "-"')}
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xlabel ("COST (Maira)'};
ylabel ('FUEL QUANTITY (Kg)'):s
legend('QCK', "QCOAL" ) ;
. bit=strcat('GRAPH OF QUANTITY OF FUEL V8 COST
AT TekKr)
titleftit):
end
format compacts;
format long G;
material;
CperatingTemperature=temp;
f=min{fg-1 h-11)¢
fnamel= strecat(t,material,'optim.qipg'};
fname2= strcat(t,material, 'QTY.9pg'):
saveas(hl, fnamel);
saveas {hl, fname?) ;
fname=strcat (material,t,".txt');
fide fopen/(fname,'w');
fprintf (fid, 'result computed for %5 at temperature
%$4f \n',material, temp);
fprintf (fid; ' QCK QINJECT QOB QoG
COST FLAME TEMP \n'};
for j=1:10:1length (QNG}7

fprintf{fid, "38.4LN\E%8 . 4L \LEB . 4ENESB . AENEEB . AENEEB . 4E\n

: :
QCK (1), INJ(3) ,QOB(3),Q0G(3),cost(}), Elamet (3} )7
end 2
forintf(fid, "CPTIMUM Coke= B8.4f Kg\n',QCK (L} );

fprintf (fid, "OPTIMUM injectant= %8.4f Kg\n',INJ{£)):

fprintf{fid, "OPTIMUN Blast Oxygen= %B.4f
Kg\n',Q0B(£f));

fprintf(fid, "OPTIMUM Injected Oxygen= %0.4%
Kghn',QOG(E));

fprintf (£id, "OPTIMUM TEMP=%B.4f oK\n',flamet(f));

fprintf(fid, "OPTIMALCOST= %B.4f MNaira\n', costi{g));

fprintf (fid, "OPTIMALCOST of coke= %B.4f Naira\n',
Bi42*QCKALE) )2

fprintf(fid, '"QPTIMALCOST of injectant = %B.4f
Naizasn', ini*INF(f}}:

fprintf{£fid, "OPTIMALCOST of oxygen = %8.4f Naira\n',
0.8*QOG(£)});

fclose(fid);

close all;

igiL



APPLUNDIX II

RESULTS
E=ault computed for Hatural gas at temperature 1200.000000

GCK QIRJECT Qop G CasT FLAME TEMP
LES, 1801 0. 0co0 395, 5484 J1.&753 4793.7354 2659 . 1517
E43.36473 15.1714 qu2.4742 F2.1979 4e6l. 07EE 26292702
32,9122 29,4657 d08.6226 d2.6854 4534 .1498 2601 .5243
517.550%9 42,8567 d14.4256 d3.1540 £415. 2965 2576.1615
503,4073 55.7104 419.,9114 33.5929 43025355 2552887
490, 3161 67,7856 425, 1053 34,0084 4196.5601 2531 .4543
4773180 T9.2350 430, 0341 344024 4095, 6830 25311 . 651y
465 .,.2632 a0 L0640 434.7061 347765 3599%9.9224 2493.3011
453,.8014 190, 4414 432, LY. 35.1321 3908 .8G598 2476. 2478
qd42.800% 110, 279EH 443.3836 35,4707 3822.1855 2460.3591
43,4925 11%.6563 447, 4167 35.74933 3738.54911 2445.5197
4Z2.5TL3 128 . 6025 451, 2648 36.1012 3607766 Z431.6289
413,0950 137.1475 454, 54403 36,3852 35B5.4960 Z418.5988
404, 0344 145.3177 458, 4346 36,6764 3513.519%6 £406.3513
385.3628 153.31372 461 .B1ED 36.59454 3444 ,6318 Z£394 .5184
387 . 0h5E 160, 4281 163, 3401 372032 23786200 IIAF. 8352
339,.0002 167 . B106 68,1296 A7.4504 3315. 3043 L3135 bakd
371.4461 1747035 471.0%44 3T. 6876 3254 . 6375 2363 .9315
5684 .1042 181.32348 473, 9421 37.9154 3156,.3133 2354 . 7115
57,0489 127.6877 476,6794 g 1344 3140, 2459 2345.9610
350. 2580 16838054 479.3126 33.3450 JOBG.31EBG 2337 . 6448
F43.T224 1997027 481, B475 3g.54748 3034.3983 2329.,7315
137.4263 205.3801 484.28%5 g.74132 2984 .3833 2327.15925
331.35&7 210.8533 4BG. 6437 38.931L5 2836, 16460 2315.00LH
325.5016 216.,1330 4BB. 9147 35.11132 2389, 6524 2308 ,135%
318,545 221 2284 451.1L06E 38 2485 2844, 75448 Z301 5T,
314 .390% e26.1518 483.2242 9. 4579 2801.3894 2295 25841
09,1152 230.9091 495, 2704 In.eZle 2709, 4T83 22A9._ 2BOS
04,0137 395053 487 2441 39,7799 2718.9526 223 5181
£99.0778 239.9601 498, 1630 35,5331 2678, 7419 2277 . 9855
=54 .2998 2442687 50L.0L168 40.0813 2641, 7841 2272.6750
289.6717 2484414 502.3118 40,2245 2805, 0200 2267.5715
<85.1671 252 4857 504.5513 40,3641 2569,3543 2262 . 6632
280.83393 256.4083 a06. 2378 qo, 4930 2534 ASYE 2257 .9392
27h. 62240 280.2081 307 .87 40, G209 2507537 220V AR
272 . 5295 263.8034 S04 4607 40, 7569 240d . H4Ld s24%, 0034
2cB. 5064 2&e7.4821 S1L.0017 40, BHOI 2437.2790 2244.7743
264 .0874 2T 9619 S12.4%95 40,9999 2408.,6231 22406824
260.9477 274.3431 513.9520 41.1162 2376, 8359 2236, 7506
257T. 3028 27T 0298 515.36%0 41,2293 2347 8807 SEAT.YILT
2533.7584 280. 8259 516.T414 41.323495 2319,.7233 2229.2593

CPTIMUM Coke= 425.46E86 Kg
OPTIMUM dinlectant= 123,2847 Eg
OPTIMUM Blast Cwygen= 448,9774 Kg

CPTIMUM Injected Dxygen=

35, 9182

CETIMUM TEMP=2430.8547 o
OEPTIMALCOST= 3699,7266 Naira

DETIMALCOET of coke= 3607.T705B
DETIMALCOST of injectant =
CPTIMALCOET of oxvgen =

28,7346

g

Maira
60.40%95 MNaira
Malra



Hasult computed for Hatural gas at temperature 1250,000000

(T
Y. U]
G4 1. T el
531 9323
516.9792
LHo2. 8438
4859, 4608
AT, THH
Al TR A0
453.24701
442 ,3672
431.49765
4220628
413 . 5939
A03.5405
394.B8755
386, 5755
37H, 6169
aTo.onas
163, hddd
156, 5%30
45,8102
343, 2807
336, 3905
A0, 9206
325, 0771
194308
C b B
300, TOEY
303 6104
29R. 0796
s8R a0w3
20t 2033

284 . 2033;

S840, 4600
2TR.ZE473
29215082
288.1003
264 .3355
260, 5000
A g 4
253, 4086

DOITHJIECT
11, LITEREY
15:.1551
L9433k
488093
55 6480
G7.7087
ML Lag |
VT T
lau. 32348
100, 14%4
119,.5135%
12B.4478
136, 0812
145.1401
152, 94846
1A 4288
167, 6011
174, 4840
181, 0947
1HT d4a9]
183.5617
Las, adal
205, 10440
210 5756
215,851
220, 9355
F25.8R43
230, 6040
235.19&49
Z23%, 6406
243.94322
24R.10846
252.1454
256. 0a00
259.9566
263.5404
28T7.1175
270,501 4
213 9609
RLEF I S L
280 4388

CGPTIMUM Qoke= 426, 9621 Hg
QETIMUM injectant= 124.0325 HEg

DPFTIMUON Blast Oxygen= 448,3970 Kg
OPFTIMOM Tniecked Oxyvegep=

AT L

LR TR L TR AR P

IR A DA%l Gl
L L L

UPTIMALZOET of coke= 3595, 0210

UBTIHALCOST ol Injectant =
OPTIMALCOST af oxygen =

(L} (R E
A4, DA H A MoaGihY
d01, 6596 321388
ant., TeAY 2. 6231
4135735 13,0859
d1%. 0418 33.5233
ded.2191 3%, 9375
A, [y 04, e
§ A% THIG S T
438, 2196 35,0576
ddd. 4374 A5,3950
464571 15,7166
450, 2923 360234
453, 9554 16,3164
4574577 36,5966
G0, BOYST 368640
64,0207 37,1217
46T, auy 31, MGR1
470, 0541 37,6003
472,.89149 37.8313
475, G195 A, 06
478, 2439 38,2545
JHG, THA5 38,4616
G e I, G662
485, 548T AR.E439
dBT B11T 39,0249
L T 45,1887
192, 1057 1) kY
494.1446 34,5316
496, 1161 A9, 8803
q88,0237 35,6419
495, 8702 39,9895
H01. 6587 40.1327
503,3918 40.2713
05,0720 40,4058
5067017 40,5361
LOH. 2833 A0, GR2T
LO9.8iAG 0, TASG
511,309 40, 9n48
512.7569 41,0207
S514.1674 41,1334
515.5370 d1.2430
I5.BTYR  Hq
Mu i
Haira
6. T15%9 ‘HWaira

28,6974 Haira

97

0sT
4183, M ha
4655, 04659
45291774
A410, 3447
4298, 08840
4191, 7688
AR, e,

S UL SN
3904, 2562
2817, 6387
373509213
056, 3337
35811091
AL0%, 1856
3440, 3500
33704, 40099
FALL 3840
3250,5089
31092, 2333
3136 21TT
A2, 3379
I 30, 4594
2980, 4878
2R3Z. 3141
JBBS.B435
FRAN, QAT
2755, 7924
2TE5, 3047
2676, 1321
2B638.2115
26014839
2565, 85349
2531.,3893
2407 ,0214
ARG R0
434,91 48
2403.290]
23¥3.5341
PEET B T
2316, 4129

FLAME TEMP
2700, 40HY
LY. B4
a4 0047
2616, 56054
583 2212
2571.7234
LU R T AT
e T
25163507
2E00_4143
2485%.5303
24715978
2458, 5284
2446,2443
#4734 .6768
24237650
R LT
240369713
2394, 4497
2385.6729
2377.3118
FA69.3944
2361 .8333
£A50.6211
2347.7346
2341 ,15270
232B.82726
d323.0411
2317.4941
2312.1676
2307.048%9
2302.1260
22973878
2282, 8243
2tk L Wi
2N .ORYS
2276.1359
2272.3157
2268, 6227



Fesult computed for Habtural gas at temperature 1300.000000

K

LS. 189]
547, 19403
531, 3549
Hi1G. 4098
Lire. g2
JHH . 20TH
176, 2206H
e, 1870
452, 7410
A8l . 8459
431, 4620
4215565
412, g o
030487
394, 3411
SBe. 0976
3TH. 1457
AT 5148
AR3.1858
356.1411
349.3645
342.8409
336.5566
304064
3dd . 6545
119,0737
LY. 5655
B0 003
i [ B LT T
2982832
293.5148
2AE.H965
2a4.49212
AANCORRS
P U B
R e TN
AET . 0259
263497153
260.2334
256. 5970
253 0004

GINJEDT
00000
15,1389
29,4018
42,8620
5%, 5869
7. 0323
19, 0537
B, BTG
LG 26T
1100194
I119,3714
L28, 2937
136, B1%5
144, 9632
152, 7a08
Lad, 2305
La% . 3925
17d 5 2655
lE0.9665
87,2115
153.3150
L49, 1904
204 . 8508
21030702
215571046
06511
£25.55H1
2303009
234 08
230,3225
243,6173
24T 1T6S
251 HGTR
2057154
AT BT A
LT NI
268, Than
270, 2287
2713, 5925
276, 8682
2H0, 0535

CPTIMUM Coke= 426.4521 Kg
OPTIMUM dnjectankt= 123.8R843 Eg

OFTIMUN Blast Oxygen= 447,4350 Kg
DETIMUM Injected Oxygens=

Qo oG
395, 9484 316759
00 _H4R4 32 .0R70
S0, PhEY 12. 558
412 3250 ‘33,0180
41817459 33.4541
423, 3365 33,0669
428,228k 34,2584
432.8750 346300
A37.2914 34 8E3S
1 4853 35,3196
45, 5010 35.6401
a9, 3790 35,9404
452, 8747 36,2380
156, 4652 36,5172
459, BOST 36, 7045
463, 0057 7. 0405
4B, 0710 37.28549
46%,0183 37,5215
471.8462 3. T4TT
4745644 37.9652
47T7.17a2 38,1743
479, 8503 o e
482,1212 38.5697
484, 4537 A%, 7567
486.T1%6 38.9371
488, #9001 3g9.1112
490, 9923 39,2754
493.0238 Jo.4419
444, GE A qu, L]
49 8890 39,7511
498,728 . B9R3
500, 51409 q0. o409
S0 03TG 40, 1790
REE, W11 40,3129
5%, YL, 44,4924
I AR A, i
GOH, G410 A0 6413
10, 1268 40,8101
511, 5704 40,9254
1%, 9737 41.0379
514, 1353 41,1411
35,7948 Kg

CPTIMUM. TEMP=2518. 43940 ol

OFTIMALZOST= 3682, 9%33

Maira

UPTIMALCOST of coke= 3590,7267 Maira

COET

47537354
4/50, 0353
i el T 1
4405, 4929
41293, 2565
4IAG. 9974
digG. 2505
1350, 5977
JBEIE . 6hd4
IHI3, 1033
J0I0,. 6127
a5, H10500
LA e T |
3504, B R
3436, DHES
3370, 1885
3070240
326, 3985
3188.1715
J132.2033
INFRIES0
e, 5371
2970, 60a7
2028, 4705
Z0R2,0514
2837, 2366
2783, 09526
27521221
21116733
26TE . S3ET
LRTq _RE5Y
097 964N
256d . 409
2ELT . BA0R
LA TN
ol e
24410, 5641
2306 9904
23T0. 2477

2341.353%

T4 i

FLAME TEMP
27410644
2710, 1905
e

2E56. 36410
2633.5545
2611 9uF)
25920704
Ca73. 60510
25564530
25404687
2h25.54901
e L NESE
ZH L AT,
Z4E6, TI00
2474, 53492
2483, 5897
2453, 72484
2443.461%9
2434 1866
2425, 3836
2417 01TH
ol (e
4014727
2304.23490
238731319
2330.724949
23Ta 4132
2368.3637
2362.0647
Z2357,0011
2A51 RARAE
PR Y LT I
23415872
233%, 8349
23X 2ETT
A Haul
£323.5913
2319 4H5%0
2315, 51496
2311. 6880

OFTIMALCOST of injectant = 60.7033 Nairas
GFTIMALCOST of oxygen = ZB-635%0 WMaira

a8



Besult computed for Matural gas at tesperabure 1350, 000000

GOk

565, 18591
Eda,. 60D
A0 TTe5
S15.B42A
501, 7230
4883571
47%. 6842
a5, 6523
A2 2141
LI R AT
a0, 9513
421 .05923
4%1.5%410
du2; 5500
393,908
L T N T
TR
RN LT
Igd . 126
05 6914
348 09207
42,4031
A36. 1246
330 . 0722
32402338
316.5085
X . om LT
0T HR57
A0 HO9S
37 . HEHG
Fod R RN
28d.511%
284 ddqnd
& 75 TOGH
b TR ]
A I
2eT. A63z
26346168
25098194
250, 2465
25F, 1130

QINJECT
f, 0000
15,1228
2%, 3698
42,8150
555741
BE7.5561
78,9636
B9, 7940
P ]
L= B
119, 2298
128.1403
136, A0S
1dd. TR0
162, 5738
160, G340
e d o | Qe
L 74,0471y
LG, AA93
1R&G,9150
3. 0694
LOH 4362
204 .5878
210, 0358
2152913
2203630
2452633
S0 908 ]
234 5964
239.0059
243.7938
24T 4467
251, 409
25%.3723
dUHLIhud
262, HIHY
2HE. 3833
2649,8557
273.219%
2764900
219, 6700

81 ]

195, 8484
00, 1404
406.1316
$11.8799
41,3135
422, 4576
4273348
3], 9052
dAG, ARTE
440 hbh T2
444, 5502
448, 3597
451,9942
45% 4769
458, 8061
dal, 4uhe
VAL i
467 4l
0 BSE
473, 5140
£716.119%
478, 5279
$81.0442
483,3735
485, 6204
487, 7TB92
85,8839
491, 9002
4938656
495, 7585
97,5927
4499, 3662
SUL, DEREE
S92, T568
R I
A DR R
50746808
50K, 9451
S10.3874
311.7856
513.1451

OPTIMUM: Coke= 425.9443 Kg
OPTIMUM injectant= 123.7368 Kg

OPTIMUN Blast Oxygen= 446.4771 Kg
DFTIMUM Tnjected. Oxyvgen=

a35.7182

OEFTIMOM TEMP=255BE.4271 oK
OPTIMALCOST= 3678.5264
OPFTTMALGOST ol coke= JS06. 4500

OFTIHALCOST: of injectant =

UPTIMALCUST ol okygen =

29

Haira

o0G

L 5 P
IZs
3z,
32.
33
A3
.
a57a
1 .
= RE
E
35,
36,
G,
a6,
A6.

=0

6754
nH32
4905
2504
3851
TaRE
1868

D04
2l
3640
BGER
1599
LE ¥
45
945496

3T .
37,
3T
.
38.
an.
38.
38
335
A9,
a9
39,
349.
39,
= 1
i,
q10,
du,
q1,
q0.
i0.
a0
a0,
41.

kg

Haira
Bl EI10 Maira

28,515 Nilras

4340
Ghd
BEll
nga6
2902
48135
6699
4496
n2a1
1807
L
L5093
a608
a4
L4 G5
OB71
2405
A0
47hG
597s
7159
5310
9428
03l

CORST

47939354
A4S, 0439
451%.2938
4400.8212
4288 . 4450
4182.2458
10R1 .55R5
B g 1 R T
YRS, 8Tl
ABDE SEGL
Frrg. 1522
I647 5052
AG72,3900
35005741
1431, 8447
A366, 007N
L2003 INGET
AlE4, L2Th
ILE8 . 2067
I, 4147
IN22 63217
972, . Td89
2924 0621
2R7R ., 2T6Y
RN, 50789
2000, F5uy
LTAE L SGRY
2708, 0584
206N, QELG
2821 ,1152
2094, 4602
2050, 9412
2524.506]
2491 . 10wl
Pt B TR L
2427 . 2311
23966700
2366, 9785
23381131
2310, 0458

FLAME TEMP
4781, 7408
2751, 9520
2T, SRah
26973723
2673, 8874
2652, 2602
22, e
el &, foll
o Wy el
Lhd0. 522
£96%, 5490
25578309
25938, 365]
252650273
2514,39058
2503, 4133
flad b3l
ZARI; TG,
2473, 9824
2485, 05931
2456, 7081
2dan, 17T
2441.110%9
2433, 8555
2426,9279
A, ANED
2414, il
Pl R TV B
2402, 0869
2396, 5087
2391, 14485
2365 9aag
2381 .04 6%
23702805
2371.6897
=i [l T
2362 ., 94TY
L35H . 8TES
2354, 901
£351 . 0588
2347, 3433



Rosult computed for Natural gas at temperature 1400, Q0000

QCE QINJECT JOH {0G COST FLAME TEME
565. 1H91 0, 0000 395, 9484 31.6759 4793.735%4¢ 2B22.372
LG, (1258 1%.1067 GG, 2957 1193849 4640, 0725 2791.526%
S30.2UeR £%, 3381 105, 3uia 32 4440 L A I T - T e VR 1
Bl e 125 TH AL1.G0R2 & HA¥ AT e AT TrIn
TR LT FTRALS Abiangyd e wad L {1 R W P e R
CE TR TR 1 21,5844 13, 7266 1177.5140 26545278
AL 144 T BTI9 426.44348 A4 IE5S 176880l 2672 . 48Uy
t63.1159%9 HY9, &B09 431, 0542 I AB47T 981, 3512 2e53.%1413
451 . 6895 g i ] 435, 4458 34 83357 ABA0 , 5332 Zalh, 6554
440, 8050 109, 7616 439, 6230 35.1698 3004,049813 2620 ,.5753
430, 4418 119. 535 143, 6028 35 dHu2 ITE1.7107 2605,5571
20, 5504 127.9875 447, 3987 35,7920 Ihq3, 1 18p 2887 4949
411.1033 1364883 4151.02e0 Jo.lBZ1 156H.0%80 £5TH. LU
4020714 144 . 6107 454 4929 36, 3594 1896, 296 eabb. . BLT4
a3 4274 152.3877 457 . 5108 6. 6249 MET.HL582 2554 . 254
3R% . 14980 150, 8364 4§60, 98491 36.8791 3361 83430 £543. 2354
37T, 2085 LéG, 59781 46q, 0363 ITL1229 3288 . 7586 2532 B3ET
Inw. 5917 1138313 d 66, 3604 37,3568 A28, 2318 Lad2, BHTT
62, 2759 1B0. 4132 16%, 76848 7. 5815 d1e0.1014 25%13.6570
55,2432 1867395 4T2.4682 37,7975 124 . 2297 2504 . 8014
AARATH 182 . AZ50 475, 064 AR, ONAR> ANTO_AN19 PANM . INRA
34 9Ei3 1588 6H 30 AT B 4 A5 204] bl s, dqqs &b, e
33564945 204 37601 A0, 672 AR, 3GTH bl ) e T B ARG, 747
JEH . 64 7H 205, 7654 182, 2932 Ak 8H3n 2020, BGlT 24734704
323:8158] 215,013 484.,53321 AR.TE26 2874.5181 2466 5225
319.1A5] 220.0T7RD dBa, 5942 38,8355 JBE9 . TR0 2459 HEL11
IT2.TATH 224 .96498 486.7805 39,1024 2786.5828 2453 5260
0T 4924 2249 . BaTl 49, 7974 39,2634 2T44 ., H314 2447, 4411
A2 4117 234, 2683 492, T480 39.41498 2704, 45598 2441 . 6078
2897, 4958 Z38.6908 494, 6350 39. 5708 A665.4008 2436.0104
22 TIRY 242 9718 4%6.4617 1597169 262750813 2430 [WAGT
28B:1283 24701180 498, 2308 A9, BhH5 2290, 5Td 4 2t 4Ty
AHA . GH23 £51 . 1357 4849 9451 1%3.094956 2555 . 488 2440, 5050
278,3327 255, 030R S01.6071 0. 12R8 2531, 0880 2415, TF45
275,1333 cH8.BORT 03,2151 40,2575 2487.7218 2411, 1200
2T1:0582 ZRE . 4747 Sld . THIY 40,3027 455 3440 2406, 6821
aledy |11 Abili L TH . Si Ak, bnas ol P T I 2402 4020
23, fhyy L4659, 4904 SO7 .8 qi.6221 2393.3829 2398 2712
2595266 272844540 SO0, 209y 44,7368 SA63, TR0O4 2354 2822
255, 8977 26,1136 510, 6029 40,8483 2334 .F8719 2380 . 4278
d52 . 36AY 270, 2[R Jhil. R A, B ELEE T i T o JE v N
UFPIMUS Coka= 42%, 4386 Kig

OETIMUM Lnjectant= L23,5899 Ky

UR L R - LT T R gyipar Adhe, vl Fij

RBETIMUM Injected Oxygen= 35,6419 kg
UEFTIMUM VEMP<259%, 4138% oK
OPTIMALCOST= 3674.11B3 Mairs
OFTIMALCOST of coke= 35872, 1931 Haira

ORTIMALCOST of injectant = &0,5549]1 Haira

UPTIMALCOST of oxygen = 28,5135 Haira

100



ok

L. 1EA]
551.4716
530,00
525, 3901
513,480
501 Ra11
a0, iRy
ARG A0 T
dA0 Ll
60, 54057
512624
ddd, 5%
A3, 7760
425, 5288
417.582%
400, 9455
402.5737
395.4G623
ARE . 507H
B 96ETE
ITH. 5595
I69. 3635
I 3HE3
AT . LR4E
57 .94 34
T4, 49R2
J4i-2E50
336.0824
3311214
326.2052
321.6077
3170530
3126255
A08 3200
34 .13149
300 .0551
2960867

292, F21H

788, 4565
204 T
ZH1 Ul

Result computed for Cil at temperaturs 1200.000000

SINJECT
i, o6
153454
26, 04853
38, 15649
49,7083
60, Ta3T
71,2047
A1, 3921
W1, Ut
100, 3414
104 2931
11 Ta3l
126.011a
132.9178
1415250
148.8615
106932
162.74532
169.331L5
175, 6892
181.H335
187.7THe
193.5239
14549, 0850
204 . 4791
08, T
214, Tond
219,878
2244451
229.072H
233.5676
237.935]1
2421806
246.3081
250, 3258
54, 2342
254.0395
261, 7455
265.3560
2GH.ATAR
Fhdanam

OPTIMUN Coke= 425,5298 g

GET T
OPTIMUH
OPFFTHUM

injectan;r 133.89178 'Ky
Blast -Oxvgen= 226, 33059 Ky
Injected Cxygans

OFTIHDE TEMP=2449 . 4664 oK

OPFTTMALSOIST= 97T16.1137

U TLHALCUESTE ol Goke=

OPTIMALCOST of Unjeckant = 131_7394
DPTIMALCOST of oxygen =

127

oo 0OG
J55. 941584 l2.6G7T0H3
A8, 1002 12.1312
MG, D615 11.6180
347 0076 111268
331F.1918 10,6621
3102612 10.21 64
A0S, 5414 . 780
2R3, 1935 e R 1 2
FA TV T I L
260, 2T02 B_fla6
2585 0320 B.25T0
247 . 2300 T.891Y6
230 _A6d2 1.57T96
AZb.BHEUY T.2602
2112720 G.9527
208.01459 6. 6565
lag ouog &. 3109
180 420 G, 0954
1821721 5.8295
1741457 5.5%2%
166, I80EE H.3244
158.8875 H.0OR44
151 6248 d.§522
144 . 6041 d. 6273
137 . 749483 440946
13V 2050 A_-TH9HA
led . BLLY 4. 8494y
11B. G105 3. 7855
112.5927 A.6030
106. 7503 d.dlald
101, 757 .2349
a5 sH19 3.05806
02021 2. 8B65
f4, 5009 R LA T
70,2194 2.55T4
T4 %547 &« JIF5
40,1806 2.2458
65.5019 &-0051
60, 3438 L.9502
56,5017 L. HORT
SFEEFLL L.a&ay
el Eqg
Hatra
JUHZ 9614 HNairs
Walra
5.8082 HMWaira

COET

4T3 . 8293
diaGd, 1882
4568, 46146
447y, 4T
4302 A389
4296, 2649]
N2 40054
A1 34, 2735
JLbekl , A 4L
ADBRS . G0OR]
A815 . 1T04
3H4d . 0H26
ATHL . 2142
ATZ2.1870
3662 . 4734
604 . 89475
A54 58, 44901
ek, HE20
444 .3512
3394 . 4725
346, 2674
3299.6529
1254 .5516
3210.85811
A16R.6033
MTFT.RF4N
Judi  HYd
A48, 3582
0119614
2975, 6548
2940,.3914
2906, 1257
LHTZ2.818]
2840, 42848
ZA0E . 91RY
2TTH . 251R
2749 .39E4
271493239
F090,995]
2663, 18917
263G, 4810

FLAME TEMP
2ok 2977
2500, 37497
2497 . 5416
2457, 9760
24,2781
ZIH6.43TH
S M TR
SA0E AN
S udll
2469, 48106
2464 ,797TH
2454, 9083
2454, BOZT
2448 4664
2447 . 8832
2438, 0357
2431, wg?
2425.461
2418, 55
2411 5882
2404, 0HuT
23596.57545
2387, B133
2374 89827
L3605 5747
29608, 4144
Z3qu Uldl
2337, 7084
2325, 63164
2312, aBYG
2298 B1%9
483 . BEDR
2267 . I5R2
2250 _ 3064
2231, 3532
g N T
2LBE, 948
2led. 2609
2115, 8466
210642597
2071 . 4814



Bmsulk computed for 0il at temperaturs 1250. 000000

QUE QIRJECT (]3] G, COBT FLAME TEMP
a5, 18491 0. oooa 395, 9484 12. 6703 47T2. 8253 2544.1402
5510472 13,3395 374 BO07 121216k AGnG,. 2047 2544, T840
537,.8134 26,0391 362,7813 11,6090 1506 BTG 253 7T.4340p4
5252001 8. 1427 347 . 5132 115204 §471.7971 25337004
553, 1651 19,6915 332, 9450 180, 6%4:2 4381 . 2666 22493590
901 aatl 6. TE4249 1%, 02594 102088 #2094, TFE G2 0TS
490, 5T 12708 05, T236 9,74932 42121073 2522 . 0381
4HO, E563 Bl.3Gw5 292, 96805 59,3758 d132.496H1] 2517 .841L5
100772 41,0383 B0, THAD H, 9852 4057.1514 2513.47413
460 4186 1006.3124 £69; (891 H.oalGo9 AaRd 4522 2508, 9260
4571 o137 1082124 a9l . 8616 B.2516 8914 6E2] 2504 ,1852
d4d 228l 8 B 240 e F R LE S T b b A
A0 G i [ T P TP O I s oAk (1 TR P T A AT
45426 Lit. 8852 T 120506 22791 2488, 6771
417 . dagqy 1414960 £1T7.1380 6. 9484 i 1 oT e T 483, 0297
40% . B539 14H.82R2 207 . 8887 6. 6524 A0 o1 3%4 24TT.1149
q02 1876 155, 8969 19H.97149 f. 3671 A548.7285 £470.9137
3595, 3814 162.715% Lo, 37000 L. 0918 485 2T 3 2464 4036
3HH . 521k LG9, 2984 L3, 0e6n 5. 0861 I443.6743 2457 . 5621
381 . B962 175. 68563 L4 . 0463 5. 50495 3383.8353 2450.3645
A5 .4927 181.8010 teb 2951 53214 33456571 2442 .TTT2
169, 3004 1B7,7431 LGSR, 7054 . 0816 289 . QdV o cq 34 T2
363.3091 1934924 151.5470 4,B495 3254 .019%  2426.3145
A5T . 5090 192, 0581 144.5262 4,.6248 2103903 417,362
351 .89%3 204.4488 137.7258%8 4.4072 J168.1323 2407.8712
HMG.4473 EDE.ET;H 131.1361 4.1%64 J1E%.1818 2397, 7917
J41.165%2 214.7378 124.T471 3.99149 JOgT. 4790 23870671
F36.048& 21%. 6504 118, 545948 A, TH36 48,958 2375 .63 34
1310813 bl Bl e N L1d.5sa TG0l 3011, 595 2i63.41°74
126. 2574 A2%, U460 106 6971 3.4143 2975, 3114 23503376
121 512 P 6 LT e o 107 . i 1. PR L, g bt e T L
317 . 0205 237 ,.9]104 85,5154 J.5eY L4905, ddnd L F3E0 . LE L
112.5952 2421571 0. 1387 2-885] FRIE . H3a1 23048795
J08. 2918 246, 2866 B4 .9485 2.T184 2E40. 1680 22B7T 2274
dih4 1053 250, 3040 TH.BE1E 2. 5564 ZE0d, 87610 22680872
A0 030G 2542137 74,9945 2,348 Z778.0279 2247, 1833
29606473 258, 0200 10,1484 22497 27481902 222403028
2922012 261.7370 65,4721 2,04851 2719.1312  21459.1843
2BB . 4376 285, 31846 ol 9164 1.84493 2680, 8207 2171.45KR0
28B4 ;76497 Zh8.8582 56, 4765 1. 8072 26632302 2140 . €380
2B, 1940 2T 2095 2 c1dH1 1. a&EaT 283073356 et | L B
OFTIMUM Coke= 425.4262 Hg
OPTIMUM injectant= 133.8852 HKg
OPTIMUN Rlast Oxygen= 226, 7387 Ko
CPTIMUM Injecled Oxygan= 12556 Kg

OPTIMUM TEMP=Z48B, 6771 oF
UPTIMALCOST= FT16, 20%2 HMalrca
OPFTIMALCOST of coke= 3582.0B85 Halra

OPTIMALCGET of injectant = 131.2075 Haira
OPFIMALTORT of axygen = S.ANALS Mairs

102



Hesult computed for Qil at temperature 1300.000000

ACE L HJEST B LG CosT ELAME TEME
LA RN (FRTHIRTH 3945, Balig L2.afu3 (R P | LR 253, aazi
LL0.E232 13,3345 378.5016 ld. 1121 de6d. 322 2380.5883
37,6025 26,0290 362 . 5011 11.a000 4564 . 8931 2577 ,070%
525.,0042 A6. 1244 397 3505 11.1L20 4470.1247 2573.42358
512.941% 49,6737 332, 6985 L0, 64 6q 13736967 2565, 63594
501.4974 60, TOZE 318. 7H80 10.201% 42093.3175 256857110
q80, 5160 T, 247H 0% . B0 B, TTg2 ARTASTRATD PSR, GPRN
dn, inah H1. 340t A i 1 T dldl.utdn PTAI B T P
A, et Bl LELEt Lu Bl byt AL LA
), 2796 P00, 2834 26 S0R3 B, G051 A983.29713 25448, 3671
451 0LES 1048.182% 2376415 B.24al JHLEY. 505 2543.5722
42,1182 11,7304 24b.49174 1, 9014 Jddo.od3y 2538, 5001
133. 5545 125.94976 236.5604 7. 5690 ATE2. 2842 2533 . 3468
25, 3706 T3 0ol 226, 54956 12511 1920, 6 2527, 8875
d1F30TE 14l 4630 2170042 69441 Iea0, T 232 1157
4049.762% 1487950 2077627 6. hddd 3603, 3323 2516, 1935
A2 4017 155 8636 L98 ;B5hHAZ G365 LRI T O
395 3G 1a2. 6827 L80, 2582 B OHES 945574 2503,3374
= 1 b S| 169 2653 181.59012 2. B2ZR 3442 .59593 249641080
381 .8248 17T5.6235 173.9471 2. 5663 33541987 2468, 1369
FTE. 4250 181.76HG la&, 2016 5.3185 3345.0675 F4R).4n4d
369.2375 1s7.7111 158.7T115 5.0788 3204, G2 2Y 2473, 3654
363, 2500 193, 4609 151.4643 i.8469 3253, 4879 4648147
257, 4535 183,072 144.4443 d.6223 32098907 245%, ThG4
351.8382 204.4186 137.65%20 44049 £ T 244G, LG10
346 398G 209, 6433 1310674 do1hd2 ) il el L 2435, 6T 4
11235 214.7Tudg Ldd 6Bk i LN JUd . bn i Sddsl
336 0066 L4159, oddd 118.4H53 A TRLET 30485778 2413 ,5572
331.0413 224 23004 112:479] 3.59493 3011.2287 2401.2028
3262204 229.0203 106, 6439 3.4128 2974 5683 2387 .91 38
321.537% 2335109 1009762 3.2312 2935%.7494 23737738
116. 9870 237 . 80862 85,4690 3. 0550 2005, 5271 2338 4920
LA, LEdY EN2. 1336 a:1154 2.\837 ZETR2han 2341, 0407
00, 2630 245,.2641 Ba.o0%2 2. 11T 2839, B0Td 2324, 1472
300 009 L4 28N TH. 8443 235550 2HOB 4335 2304 . 7590
100 . 00! a1 RFE T4 G101 2.3873 aTrd. BlaH L8  HIY
2060414 A58 D006 TO.1161 22437 2747, 9818 2260, 5043
2592, 1806 2611086 65,4434 2,0942 2718H.93446 2235, 1051
JER.4TH7 2ubh. 3212 60 E890 1. 59%84 2OU0. 6433 22070026
AR TN AU HALED Sh.ab513 1. 0 A0, 0674 2175.9470
ol 1 o i 380 kg | 1.6GHO £nid. Leav 2l143-2237
UPTIMUM Coke= 425,3226¢ Kg
CETIMUM injectant= 133,B526 Kg
CETIMUN Hlast Oxygen= 226.5966 Kg
DETIMUM Tnjected Oxygen=  7.2511 Hg
OPTIMUM, TEMP=Z527 . 8875 ok
GEFrIMALCETT- 143059 Malra
UL L MALAGY wl  coke= SLHL, 2060 Malrd
RBETIMALCOET of injectant = 131.1755 Halra

DPTIMALDOST of oxygen =  5.800% MNaira
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WCE
565.
530.
237,
524
312,
501,
440,
4753,
469,
460,
450.
441,
433,
§25.
417,
408,
402,
395,
8%,
361
3755
368,
FEIF.
-
351,
346,
341.
¢ o b 1
AL
326.
321
316.
b i 8
308,
304
285,
256,
292,
ZE8.
ZB4
281.

141
2045
3948
g0av
7986
3258
3583
BS435
T941
L1460
EB7E
9943
d444
2183
3004
€711
3158
21498
3700

wTada

3387
1746
1803
3941
TETE
3498
ay7a
Gpa0
o013
1B30

<2030

9554
2346
23535

.0530

9825
Gloe
ie00
3554

i AET

1624

Besult computed for 01l at tesperature 1350. 000000

QIMNJECT

cLoooo

13.3291
26.0189
38,1142
49,6560
60.6R13
TL.2241
Bl.3153
20,9835
100.2545
108,.15324
117,69593
125, 9156
133.8200
141.4301
148.7618
155.8303
1e2.6495
10,2322
1755807
1a1.7382
187.5741
193, 4204
1948, %463
204 . 3884
20%. 6138
214 .6801
21955945
2243637
228.39411
233.4915
237.8618
242.1102
246, 2416
250. 2610
254.1727
257.9811
26168902
265, 3038
Z6H.B255
272.25889

Go8
3195, 5484
182029
162,.2213°
346, 9882
332.4523
18,5669
305.2891
292.5300
280,.4039
268.7278
257.5216
246.7574
236.4097
226.4547
216.8705
207.6368
198.7346
190, 1464
1318560
173,.8480
166.1083
158.6236
151.3816
144.3706
137.5797
130, 9987
124 .6181
118, 4288
112, 8224
106.5908
100. %266
95.4226
90,0721
B4 .HBG6EB
79.B0OGA
74,8803
70.0839
65.4126
G0.BELlE
56.4262
52% 1021

OFTIMOM Coke= 425.21%Z Eg

CPTIMUM injectant= 133.8200 Ky
OFTIMUN Blast Oxygen= 226.4547 Kg
7.2466 Kg

OPTIMUM Injected Oxygen—

QPFTIMUM TEMP=256T7.0873 ok

OPTIMALCOST= 3713.4037
OPTIMALCOST of

coke= 35680, 3460

Mairs

206

12.
1z,
11.
Td-
14.
10,

9,

6103
1025
5911
1036
6385
1841
7653

9.3826

o RS RS R BRD RE B LR Lo L g b oEm s om S n oy o O s sl s 80D G

Halra

F9T2a
»5883
L2407
. 30862
3651
2460
<8394
G444
3595
QB4
-315%q
- )
3155
LOTEO
LHa42
L6199
L4025
L1820
-9874
- 1897
B85
4109
S22%6
D535
(BE23
. 1154d
5534
L A862
L2427
L0832
CHATE
BO5E
vEBRT

OPTIMALCOST of injectant = 131.1436 Maira
E.7972 Malra

OETIMALCOST of

oHygen =

104

COST
4772,
1662 .
4563,
4468,
4378
4201,
420%.
4130,
4054
92,
INLE.
3245,
A7R1L.
3713,
1655,
3602,
3547
3493,
3442
3392
3344
3257
3252,
209,
3167
31i6.
3086
30448 .
3010.
2974.
2939,
2905,
2871,
28359,
2808.
27T
2747,
2718,
2600,
2662,
2636,

B253
4231
1130
4548

L1290

Ba49
3370
36239

LTA03

144l
50593
E2L1E
3210
2609
S047
5262

2081

B4L4
3245

«hg8
.4G85
55040

ShE8
3404

1818

2977
G486
1284
a644
€271
£2096
¥
2801
Gl 70
1915
5781
7736
7463
4661
9047
D350

FLAME TEME
2623.E253
2620, 3%28
2ol HakG
2613,.1473
2009, 3206
2605.,.3474
2601.21492
2236, 9267
25592 . 4594
2587.0074
2582 .59589
2577.9004
2572 .61H2
2567.0973
2561 .3212
2R55, 2715
2548 .9286
2542.2706
2535, 2732
2527,91400
2520.1515

-"i-:. 1. S0
2503.3139
2494, 1577
24844508
2478, 1415
2483.1733
2451.47495
2434 . 3862
2425. 6084
2411.24848
e300 1952
£375.1176
2361.0645
2341 . 4586
2320, 0505
2296.7113
2271 .,.0232
2242, Gh6d
2211 2021
21T, 0903



QCK
565.1891
a5, 3762
2371861
524.6134
B12.6L57
S0L.1546
490.1547
4789.70440
469. 6528
460.0142
4507633
441.8771
433.3345
425.11&0
417.2033
408 . 5755
402 2300
385.1393
JAB. 2943
381 .8B23
A75. 25918
369.1117
A63.1315
A57.3427
J51-; 7353
J46.3011
341 .0322
3309213
3309613
326.1437
321.46B1
316.9229
325049
308.2074
204 . 0ZE9
299 . 3584
2E5. 98973

- 2921385

Z88.,3809
Z284,7178
281.1468

Rasult computed for 0il at temperature 1400,000000

GINJECT
o, 0000
13,3237
26,0080
3. 1000
49,8363
60,6606
71. 2008
Bl.Za58
90,9561
100.2256
10891223
117.66E2
125.8837
133.7875
141.3972
148,7287
155,7871
162,.61563
169.15992
175.5%E0
181,.7038
1B87.6472
133, 3980
194, 9655
204 .3582
209. 5843
2146514
219.5608
2243368
8. 9078
233.4¢62
237.8374
22,0867
246.,2192
250.2395
254.1523
257.9617
261.6718
265.2E64
2GE.8092
27122436

QPTIMUM Coke= 4235.1160 Kg
QPTIMUM injectant= 133.7873 Kg

OPFTIMUN Blast Dxygen= 226.3131 Kg
OPTIMUM Injected Oxygen=

CPTIMUM TEMP=2606.3067 oK

OPTIMALCOST =

OPTIMALCOST of coke=

OPTIMALCOST of injectant = 131.11158 Haima®
5.7836 Maira

OPTIMALCOST of oxygen =

37125027

105

el 200G
395, 9484 126703
377.5048 12.0930
J6l . 9419 11.5821
J46. 7263 11.0852
332 . 2065 10.6306
31%.3361 10.18e8
A5 .0723 5.7623
292.37T62 9.3500
aud.2122 B.uned
268.5475 B.538935
2573519 f.2353
246.3977 T.8811
236.25533 T.3603
22623131 T.£420
216.717371 6.59358
207.5111 G.6404
1983.6162 G557
190.0349 G.0B11
1g1.7a509 5.8160
173.7450 5.5600
166.0151 5,325
158 .5359 5.0731
LEL 2990, 4.8416
144.2529 4.6174
137.5067 4.4002
130.9301 4.1898
124. 5537 H.9857
1148.3684 3.7878
1123657 Sah]
106.5377 3.4092
100.876%9 3.2281
95,3762 3.0520
0. 0280 2.8809
Ba.BEES 2.7145
T9. 7093 2.05528
T4.B455 2.3951
J0.0517 2.241L7
65,3829 2. 0823
60.8342 l,.9467
56.4011 1,8048
R2:rojaz 1,6665
T.2420 HKg
Maira
A57%,.4764 MNaira

COST
47728293
4660.,5270
4551, 3357
Al66. 7874
4376,5637
4290.3744
4207.5544

129.0631
40534772
39680.9939
3911, 4258
32446005
A780.3591
3718.5544
16590505
3601.7211
346, 4493
3493.1282
3441.6505
3391.59279
3343.8703
3297, 3954
3257, 4264
3208 .4912
1166,7223
3175,8564
A0EG A0
3047 .7992
30104995
2874, 2851
289359, 1098
2904, .287
2871 .7009
2839, 389
2807 .9495
2F T, 3535
2747 . 5656
27T18,.5541
2690, 20851
2662, 7422
2635, BB6E4

FLAME TEMEP
o o e O L
26b60.1968
2656, g0a0
2652:8706
2649, 0012
2h4d.59837
2640 . 80%9
263b.468%
Z2631.9522
2627 . 2483
2522.3453
2617.2303
2611 .8E832
2a0G, 3067
2600.4661
25594, 3430
2EET . D30
2581.2031
2574 .1277
2566.6825
2558 . B375
2550, 5597
2541 BH122
2532 . 5540
2522,7380
2512.3153
2] vl
2485, 4003
2467681
2463.2415
2448.7221
2433.05866
24162336
2397.97939
23718,.1561
236f 5508
£33E  2LL
2306, 9387
22T7TH.,26743
2246,4542
22109531



Hesult computed for Coal. Dust at temperature 1200. 000000

QACH QIMJECT QOB Q0G COST FLAME TEME
S65.1891 G, o0an 427, 6243 .oooa 47HE 8520 2440.6817
551.3028 15,0545 40%. 1251 LA00d 4720.1071 23539, 32473
S3H.2539 29,3915 391.5075 000 qEE3.1TLS 2397 .9342
HRaE. 1267 41.0412 374,71040 L0000 4647 .49533 2396, 48HD
513.7693 86,1080 350, 6766 Lanad 4614 .33840 2324 . 9823
502. 3438 63.5765 343, 3563 Logod 4582, 25749 2393 .4135
491.4153 BO. 30L& 328, TEEG L OO 4551 .45854 2381.77373
480, 9523 51,9188 314, 6728 L 200d 4522.0810 2350.0695

470, 9255 102. 8800 301, 2231
4] . 3082 113,3544 288, 3325
452, 0738 123.4240 215,9531
44%,2059 133.107e 264,059
434, 6772 142.4144 dad . Bd3a
426, 47048 151.3699 241.0195
418 .56R81 159.08922 231.0232
qLO, 9532 leE.3016 220.8125
403,6104 176.3140 210. 9666
208¢,5254 184.0452 201.46865
IBS, 6948 151, 5054 1582.20841
IB3,.0762 1987208 183.4324
376, 68B] 205, 6815 174.8670
370, 5085 212.4336 166.5B23
364.5303 218 2580 158.56458
358.7411 D25 2Te2 150.89023
35317220 231. 30490 143, 223
347.6372 2373262 1235, 9039
42,4264 2430777 128, 9263
337.31340 248, 6574 122,0654
332.3601 2540729 115.4152
327 .5311 2593314 104G, 9535
322.5499 264, 4395 LOE, 6TED

L0000  4493.8932 23882852
L00d d4eb. 9560 2386.419%91
el inly] 44 40,9023 23B4.4654
LA008 4415, 9664 2382 . 4180
G 439] .98902 2380, 2aldd
Ralilel] 1368,9193 2378.0131
0000  4346.7034 23756397
0000 4325.295%  2373.1402
Q00 4304.6534 237T0.5043
0000 4284.7356  2367.7204
LO0oa A265, 5050 2364 .TT58
SO0GG 42469267 236l 6562
0000  4228.96B0 2358.3454
0000  4211,5884  2354.8254
0000  4194.78495  2351.0755
L0000  4178.5144  2347.0727
SOO00 4le2,. 7482 23402 . 7904
QOG0 4147, 4674 Z2338,1982
L0ano 4132, 645848 2333, 2613
L0000 4118.2744 2327.939]3
R L4 ] 41043224 2322 .1854
S elaloln] A080, 7754 2315, G944/
o000 4037, 8152 2309 1527

L= B B o B R o o B o N e TR I e N IR e TR e N e R i o T s R i R R o Y e O o IR0 e Y o R e TR e O e e R o N e O e R0 o R o Y e R o o O Y o I e

31%.3006 2094037 96,5703 QOO0 4054, 8205 2ARD TR0
313.8777 £74.23400 20, 6458 L0000 4052,35921 2283, 5345
3095760 Pl ok Bg.BY7H L00an d040, 2580 2284, 65272
053907 283,45909 19,2658 L00an 4028.5330 2274.6578
301.3170 287 ,9361 13,8035 LoD 4317.,0808 2263.6428
297 . 35046 £92.2643 GH., 4848 L0400 4005. 5302 22512591
293 .4872 296, 4800 63, 304 G- S ielely 3905, 0683 223702921
289, 7229 300.5875 a8.2572 0040 3944 .4870 2221.4171
2HG. 0540 304,5%911 23,3378 B Leleds) 39741727 22032147
2B82.4763 308. 4944 48,5411 L0000 306411464 2182.1325

CPTIMUM Coke-= 42B.899%3 Kg

 DETIMUM injectamb= 148.7182 KEg

CETIMUM Blast Oxygen= 244.87T88 Kg

GETIMUM Injected Oxygen= C.O0o0a0 Hg
OETIMUM TEMP=Z378.7020 oK

OFTIMALCOST= 4373.4635 Maira

QPTIMALCOST of coke= 3611.3370 MNaira
OPTIMALCGST of injectant = BOI.0TEZ Haira
OPTIMRLEOST of oxygen =  0.0000 ‘NWalra
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APPENDIX I}

List of Symbols Appearing in Principal Equations

SYMBOL

MEANING

UNITS

(CFe)™

Molecular ratio: C/Fe in product
metal =

K moles of dissolyed C }
kg mole of product Fe

Dl:-

(ET
B

DFI

¥l

For heating and sissolving carbon
in product

For decomposing charged CalO,
o Calk, © and O al the theemal
reserve lemperature {exira heat
demand due o charging CaCy
rather than Cal)

For reducing  FegeerD and  for
heating and mekting Fea

For decomposing | mole of
luyere injectant al ils mjection
lempersture . . form s
component  clements at  the

thermal reserve lemperaiure,

As above for 1 kg of injectant

For convective and radintive heat
loss per kg mole of product Fe
For reducing MoO  ond  for
heating Mo and dissalving it in
product meial

For reducing 5i0, and for heating
Si and dissolving it in product
mtal

For heating  stog oxides  and
[ormung | kg of liquid slag,

KJ (ke mole of C in metaly”

kJ (kg mole of CaC0,)"!

KJ (kg mole of product in Fey'

KJ (kg mole of injectant)™’

KJ (ke mole of injectant)”!

KJ (kg mol,e of product in Fe)"

K.J (ke mol,e of Mn in metaly™’

KJ (ke mole of Si in metal)™

151 (kg of slag)”’

iy



SYMBOL MEANING UNITS
| Sum of wustite resduction zone heat | KJ (kg mole of product Fe)™
demands {excluding inpectant
demends}, per kg mole of product Fo
E" Enthalpy in blast air above that | KJ (kg mole of O in dry blast air)”
wihich it would have a1 the thermal
reserve lemperature.
(MnFe)" BMolecular rato: Mo'Fe o product { kg moles of dissolved C‘}
el Kg mole of product Fe
o, Carbon toking  part in  wustite .
rednction one fedustion raactions-= | 8 Mol of C{ky mole-of product in F
carbon  leaving  wustite  reduction
zone in ascending grses
i Carbon entering furnace in coke kg mole of C (kg mole of product in Fs
1" Dypen entering [urnace i dry blast
air, ie nol including oxyzen from ke male of G (kg micle of product in
humidity or tuyere injectanis
*CalCoy Limestone charged to the fumace b panle el CaG O Dk ol o ity
Fay'
N Chuantity of tuyere injectant kg mole: of injectant (kg mole of pro
in Fej”
oy Melecular rato: CHE i}
carbonaceous portion of top fus
(DT Molecular  ratio: oic in
carbomacecus poclion of the gas in
chemical reserve
COWHGE Molecular ratio; OVH; in
hydrogenous purtion of top gas
(O/H P Molecular ratio:  OMy i

hydrogenous portien ol e gas inthe
chetnical reserve,




(OfFe)”

{OFe)™

(SiFe)”

TWE;

Wi

KY.2

Molecular ratio: CWVFe in iron oxides
charped to the fornece (=32 for
FeaOy: 4f3 for FeiOyg)

Molecular ratio; CO'Fe in jorm oxide
in he chemacal reserve (=1.06 for
Fega 00

Molcculor ratio; SifFe in produce
metal

Temperatures of blast and top gas

Weight of product slag per mole of
product Fe

Weight of tuyere injectant per mole
of product Fe

Moles of C, Hy and O par mole of
Tuyere injectant

kg maole of O (kg mole of prodisctin Fe

ku maole ol O (he mole of product in Fe

Eg moles of digsolved ©
{ Kg m}ul-:: of product Fe }

kg mole of slag (kg mole of produc
Fe)”

kg mole of injectant (kg mole of proc

i Fe)'

kg moles (kg mole of injectanty™”
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APPENDIXY

; Eﬂb‘:&fpﬁ Increment Equations for Elements and
!‘.',‘,‘ampﬂumif, [H; - H..]

2ot

Enthelpy '-'nluul l:nI-:ml-llud '-'Jl.h thess equations aro within £500 kJ of their poblished numegical equivalents
e Bompees are noded ab the endd of Appeandiz Wi

Units: kI per kg mole of element or compound

Hl.lb.!lﬁ.l;m ! i Temparaiare rangs, K
L - o 208500 8001100 1100-1300 1100-1900 18002800
| < Top gas - Wustite redusction  Dosh & Hearth Flame temperatare
' LD, 10732000 124746 00O 128750 000 13ar-s5000 2= '
c 1537~ 4600 ' 20.7T- 8700 2 ZXTT=11000 @ Z3ST-11800 5 -
O _.'1&.1]"— 9100 FLET-10 30D 3. 2T=12 G0O 35,3T-14 000 166716 400
oo L 456714 100 SLET-19200  S63T-23100  S8.4T-25000  61.07-30 500
Gl “UUABST=14500  S1GT=1TO000 2 S4.27-19300 2 SSST-21200 2 -
a0, 106T-31 500 12375 10 1297=52 200 Decomposes above 1300 K
Cald5i0, AU10Br-32300 122743 600 1287—49 500 1aT—S0000 =
(Ca), +SI0, {7 =1 15BT—47 000 1861—6% 000 1897-73 000 - 2L6T-105000 - .
(a0 P‘iﬂi (ST IBAT-84 500 3SeT-142000  4027-193000 4037194 000 - Vg
l‘u.[ ; 3087 :unn' 48.9T-23 700 ILAT—11400 -
a) m.r ~ 1800 K) - - - 44.0T- 5800 @ -
s oyl |
g D e T R e T e et~ e
I i _.a-‘||%.._. : L
e S l"ﬁ ] . r 4]
- ' 3 Tt
f S i
- ok ¥ T-21400  6LIT-24100 -
- Fog.pu ? 41522715 GO0 564 T=18 900 58.6T-21
i ““{5 0 -E L 13sT—40 200 '? 1SIT-sSEOD 1427-40 600 %m;u-;g M-
Fey 0, T 20276 000 75 " 22TT-82 (00 20175 - -
n=' 4 ‘ag ap- BROG ‘v 29.9T- 9200 30.97-10300 | 3LSC-11200  35.27-17 200
:|-| cuu, ¢ 35BT-10.800 S 4Q0T=15800  — 43.77=17 900 |, 4TAT-22200 -
’ ‘-Tur-u 600 4 50.97=17 00 SLIT—1% 200 55.0T-32 300 -
I'-lgl':ﬂ,-, L0310 500 . 126T—49 500 Decampases belbow 1100 K
Ma C3LOT— 9200 77 4437-19900 382T-13200  AS6T-24 600 -
Magl#) LT, = 151TK) = i Ei ABET-10000 -
M0 49.:;—14 00 - SLIT-18300  S69T-21 800  ST.AT-22000 -
MnO : 6827-20300  TTIT-1TG0D - - -
Ma, O, 1677-49 600 . 1827—61 900  199T-BO200  238T-123000 - )
: 30.0r— 5000  3L1T-10500 - MAT-12 000 364715 500
0, ILET- O6ML - BIT-11500 2 - J6.2T-13500 -
I 34.97-10 500  36.7T-11 900 37.17—12 3 IT.30-12 600
LLI 353T_10600 T 360T—11900  3727-12300  3TAT-12500
; I96T— 7000  3647— 9300  2I2T-10200  2TAT-10100 -
1..?(-} (ML.P. = 1683 K) s i FTAT 0 400 o
550, CLIT_18200  TLOT-25900  7L47-24 30009 7208726 200t
G-, D ~Hiye ]
My M, cistobalile  quartz
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Lnﬁm{p:e.r :Jf Fﬂrma.rmﬂ at Temperature T from
i Eie:nwm.:. at Temperature T (HY)

v
B
i

1
a

i i lva i

Waluea for compoannls centrel to ihe :ﬂmuﬂhh toxt (Le, OO0, CO,, 1,0, e, o, O) ate aecurale jo wiihibn

2500 kT, Souices are noded 28 the end of te tabls,

Units: iJ per kg molo of compound

! :-’r * sk -
Campound TR T IR gy 1100 K 1200 K 1300 K
cH, bR Al e iy =75 000 =91 000 -51 000 ~%2 000
C, I, : =&4 00D =102 (0 ~101 000 —104 000
C,Hy, 1 . * =105 000.. ~129 000 —118 000 =127 000
Ciy B ~111 000 =113 (00 ~113 000 ~114 000
ity o o =384 000 =395 [} =395 ({0 =335 000
ﬂu&}. Ulrem Call, Cand O3 E e f =571 000 =563 (i —S61 (00 =559 000
Cal0, Mgl0, (from marbenales) =11 00h decoinposts: below 1100 K
{Cal), <P, O, (from Ca, O -.u.dr g ! o —2 400 000 =2 364 (00 =2 35% 000 =1 341 00D
Cal=5:0, E,Etmu olidos) * 3¢ o e =R D =41 40 =41 000 i =01 00
(CaQ}, ~5i0, {from oxbdesd i 7 —1a 0G0 —125 0040 —124 Qoo - —123 000
A
z i
- — e iman e
Foy 0490 £ : '3“*‘—" —266 000 —~265 00O ~265 000 =265 000
b, 04 ; - qs-*ﬁ‘ Y1200, 105 000 ~1098000°  —1095000
2, 0y i Qﬁ% -3: —810 D00 —§11 000 - —&09 000
li ﬂ.l' [MW'E'WJJ'“'“W""I‘M m} ST ﬂ'ﬂ'ﬂ
1,0, 1 © - =242 000 —248 000 —249 000 ~250 000
J. i s y + {alzo =250 000
L E ] 3 ak 1500 m
MpCO, {from MEO, Cand Oy} 'y 0 00 v =511 000 decampuoses below 1100 K
MnO T d e, Ak 177 =385 00D =385 (00 =356 000 ]
Mn, O, Ly BT =] FET Q0B =] 387 0 -1 386 000 =1 384 000
Kb, beiSe e I =521 000 =516 (0 decomposas ot 1120 K
50, {from gascous &) j =353 000 —362 0040 —361 G40 — 361 0
=

iy =911 000 =T D) =901 Q00 =501 (00

T data are from:
Sl Dy R Propliet; I efal, (19700 JANAF Thermocirericel Tobler, Z2nd cdition, Unlied Sthies Depariment of Conmerce,
Dieaisruiat NSRDE-KDS 37, 'i'i'l.ﬂ‘l.'l.l‘.lli;nn. dune 1971,
with the exceplion ol Fi|
ia} Cal, Ca00,, CalDr, H,B'Cﬂ {Cald) +F 1 B Cal-5ich, , (Coly, <50, , Mg, MpCO, which are from:
lolée, B. AL and Wal!! i, 1, El.. l;iS'ﬁ-II} Theriod prariie Properiies of Minerzls, Uniled Stnles Ceologival Swrvey Bulledin
iﬁ'} Wasliingtan, ks
i} ﬂtH“EllTl which nre fram:
EW‘:[:..JW (1974} Cheurafeal TI‘#THMMFHL' Fraperies of Hydrocarbons, Unlied States Dureaw of Mlmes Bulledin G,
1 L.
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