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AHBSTRLCT

The importance of thé Blast Purnace can be
understood from the fact that in 1971 sbout 93 per
cent of the total pig iron produced in the world was
smelted in blast furnaces. iHetazllurgical coke, which
is produced from the gocod quality coking coal, is
used in the blast furnace as fuel and reductant. The
shortage of good quality coking coal has led the
researchers to think about the methods to reduce the
coke rate of the blast furnace. Many methods are beling
used successfully to reduce the coke rate of the

furnace.

In this work, = temperature profile, called the
optimum temperature profile, has been calculated
theoretically, which corresponds to the minimum coke
rate. The rateé of the following reactions have been

considered in the derivation:

(1) Reduction of iron oxide by carbon monoxide.
(ii) Gasification of carbon.

(iii) Dissociation of lime stone.

The optimum temperaturc profile is calculated
from room temperature, at which the raw materials are
charged to about 1200+C, above 12000 the iron oxide

is assumed to be reduced dircctlye.
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This work,presented here, is divided in five
chapters. First chapter reviews the physical chemistry
of the blast furnace and the developments in the

mathematical models of the furnace.

Second 2nd third chapters consist of formulation
and derivation of the problem. In derivation the rates
of the¢ reactions mentioned above are considered and the
mass balance around a section of small thickness of bed

has been taken,:

In chzpter fourth the optimization method has
been discussed and used, to obtain siX differential and
one algebralc equations. The computational sequence has
also been given to solve these equations., The data
needed in the calculation is given, and some parameters

needed in computation are cslculated,

" Last chapter gives the results obtained. These
results are discussed and it has been shown that the
optimum temperature profile, if employed in the blast

v

furnsce reduces the coke rate.

The Runge RKutta method has been used to solve
these equations. This method is given in detail in

the wppendix.
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LIST OF SYMBOLS

rate of change of équilibrium pressure with
temperature, atms/®K.

diffusion coefficlient of CO, through calcium
carbonate, mg/hr.

effective diffusion coefficient of J th species
in porous solid, mg/hr.

driving rate of blast,'moles/mg.hr.

mass flow rate of J th cbmponent, kg—mole/mg.hr.
initial mass flow rate of J th component,
kg~mole/m2.hr. '

heat traﬁsfer coefficient to surface of the
calcium carbonaté, Kcal/m=.hr.-K. |

molar heat of decomposition of calcium carbonate,
Kecal/kg-mole.

heat of reaction Kecal/kg-molec.

equilibrium constant for iron oxide-iron
equilibrium with C0/CO,.

specific rate constant for equation (1),m/hr.
rate of constant for carbon gosificatiom, m/hr.
equilibrium constané for formation of CO from
CO,.
mass transfer coefficient in porous iron layer m/hr.
thermal conductivity of porous lime,Kcal/m.hr.*K,
rate of reaction of j th species, kg-mole/hr.

number of particles of § th compdnent per unit

bed volume, (m>)~*,
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total pressure in the furnsce, =atm.
partial pressure of J th species in the bulk gas,
atm.

5 in equilibrium with
lime and calcium carbonecte ot the tempersasture

partial pressure of CO

of the furnace gases, atm.

3

gas constant, m", atm/kg-mola“K,

rate of removal of J th species per unit bed
volume, kg—mole/ms. hr.

area of cross section of the furnace, mz.
temperature of Jj th component, °K.

lineaf velocity of the charge in the furnace,
m/hr. |

initial radius of any particle of j th
component, m.

radius of unreacted core of j th component, m,

height of the furnace, increasing downwards, n.

a constant defined as

Keo km (co) km (co9)
Keo km(002)+km(coj

8 constant defined as

keo Deco DCoo

keo D002+Dco

mass transfer coefficient to surface of calcium

carbonate, m/hr.

density of j the species, kg~mole/m3.



Subgerints:

g = gas

s - solid
O - Oore

¢ -~ coke

1 - 1ime stone

Superscripts:s

l ~ lime stone
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LITERATURE REVIEW

1.1 INTRODUCTION

Iron was known even in the prehistoric times, though
the method of producing was known only aroqnd 2000 B.C.
From 2000 B.C. to 1300 A.D., reduction of iron was carried
“out in a relétiVeiy“éimple menner using charcoal as fuel in
a crude hearth which was eventually superseded by furnaces
of various designs having a strong family resemblance. Iron
was first melted using charcoal as a fuel and air under
pres§y3§”33_1850 A.Q: ‘The blast furnace 1is in continuous
‘use and development since that time. In 1600, one tenth
of the chorconl was replaced by the use of mineral
Anthracite coal. It was only after the utilization of
coke 1n about 1709 thet earliest form of modern blast
furnace came into being. Later in 1824, the advent of hot

blast and in 1860, the use of regeneration principle brought

the blast_furnaCe to sounder footinge.
i

It 1s interesting that first half of the present
century was the period; where though né major development
in the blast furnace technology took place, but a large
amount of effort was put to study, the physical chemistry
of the process, stock descent and distribution, which
contributed to the later developments. In a short period
of five years (1945-1950), the concept of high top pressure,

oxygen blast, high blast temperature were given. While the



period 1250-1960 saw the advents of devclopments like
agglomeration, steam injection etc. It seems that the last
decade 19260-1970 was by far the revolutionary period, where
the advantages of oil injection, and other modifications
were fully realized. In the same period, for the purpose
of improving the actual operations of blast furnace,’a
number of attempts have been made to develop - mathematical
models for analysing the productivity of the furnace or
estimating the situations of process variables in the
furnace. Thus in the last decade there has been a

substantial rise in the capacity of the blast furnaces.

The present status of the blast furnace could be
judged from the fact that in 1971 anut 98 per cent of the
total 423 million tons of pig iron produced in the world
was smelted in the blast furnaces. Blast furnace uses
metallurgical coke as the fuel and the reductant.
Metallurgical coke is produced from coking coal, of which
reserves in the world are depleting very fast. With the
increasing demand and restricted availesbility of such good
quality coking coal, its cost has been increasing at a
fast rate. Various attemptgzigﬁe been made successfully to
reduce the coke rate of the furncces are (i) high temperature
of the blast, (ii) humidified Dblast, (iii) oxygen enriched
blast, (iv) fuel injecﬁion at the tuyeres, (v) preparation

of raw materials‘(vi) high top pressure etc.



1.2 PHYSICAL CHEMISTRY OF THE BLAST FURNACE PROCESS

Fundamentally the blast furnace is a counter current
apparatus in which descending iron oxide, coke and slag
making materials remove heat from an ascending stream of
hot reducing gases composed mainly of nitrogen, carbon
monoxide, carbon dioxide. Chemical reductibn of the iron
oxide also occurs as the charge descends and finally in
the bosh fusion of the reduced iron, some unrcduced
ironoxide and slag making materials takes place. In the
hearth of the furnace, the liquid slag and metal collect,
and also carbon is burnt at the tuyercs to produce heat and
carbon monoxide which serves as the reducing agent for the

whole process.

1.21 Reduction of iron oxides1 : There are three main

oxlides of irons: ferric oxide or hematite (Fegos), magnetite
(FGBO42 and ferrous oxide or Wustite (FeO). The first two
of these occur abundantly in nature, but Wustite, being
stnble only at temperatures above 570°C, has been reported
only in a few localitics. However9 it does play an
‘important role as an intermediate product in the reduction
of iron ores to metallic iron. (Although the formula for
Wustite 1s usually designated as FeC, the crystal lattice
of this oxide is always deficient in iron and a more

realistic formula would be Fegy 950 )
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1.22 Reduction by carbon monoxidel 2 The reduction of

hemaztite by carbon monoxide is a gas-solid reaction and
takes place in three steps according to following

three reactions:

3 F6203 + CO = 2 Fe304 + CO2 ccoeesacesaealel
HH = - 12636 cal/mole of CO*
F8304 +CO = 3Feo+ 002 -.ooltﬂ.°l.2

AH = + 8664 cal/mole of CO
FGO+CO=F8+C02 .o.oooo.oc.--oo.ooolos
/\H = - 4136 cal/mole of CO

The reactions l.l and 1.3 are cxothermlc whereas

1.2 is an endothermic reaction.

The reduction process is one of diffusion in which
the reducing gas, carbon monoxide diffuses towards the
centre of iron ore particles while the gaseous products

diffuse outwardly.

The overall reduction of ferric oxide to metaliic
iron can be written as follows by‘adding_l.l?ltz & le3

reactions:

516203+BCO:2F8+3002 ....o-oooo..-olo4
AH = -6708 cal.

The overall reduction is exothermic .

* 411 ~H values are for 25°C and are taken from ref. 2.



1.23 Reduction Bquilibriat : A1l the above reduetion

resctions are reversible and the reactions will proceed
only from left tTo right if the CO/CO2 ratio is'greater
than equilibrium ratio. These equilibrium ratios vary

with temperature and are illustrated in figure l.

1.24 GCarbon as fuel and reductent>: carbon, the most

important constituent in the coke, functions both as fuel
and reductant. For production of heat, carbon combines
with oxygen to form carbon-dioxide and this is an

exothermic reaction as followss:

C+ %:002 ..'..0......Qﬂc......n'l.s
ad = -94082 cal/mole of carbone

At high temperatures and in an oxygen deficient
atmosphere, the GO, produced in the resction 1.5 Teacts

with carbon to producs carbon monoxide as followss3:

¢ + CO, = 2 CO

I.DO.......’.'Q...l.G

AH = + 41220 cal/mole of carbon.

The reaction 1.6 is known as Bomndouard reaction
or solution loss reaction or endothermic gasification of
carbon (EGC). The dependence of Endothermic Gasification

reaction on temperature 1s shown in figure 2.

The overall effoct of the reactions 1.5 and 1.8 is

as follows:

20"‘02:200 ..0‘0.’...6.0!!‘.1.7

AH = -26416 cal/mole of carbon.
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This.exothermic reaction might be considered as the
ultimate reaction that takes place when the carbon is .
burnt to generate heat in the combustion zone of the blast

furnace.,

As a reductant carbon can reduce iron oxide in two

wayss

Fen0m+mc ;r]f‘e + mCO oooo-oooo-oo-l-8
Fenom+mCO:nFe +1110020eoooo.0..--ol.9

Reaction 1.8 is commonly referred-to as 'direct
reduction'while reaction 1.9 as 'indirect reduction'. The
indirect »~Anction is more important becaouse the diffusion
of the gascous reactant carbon monoxide can take place at
a much faster rate than the solid state diffusion of solid
reductant carbon with iron oxide. .t high temperatures
above 1100°C, when the iron oxide is reduced according to
reaction 1.9, the CO, is converted to CO by Boudouard
reaction . The resultant of these reactions;1l.9 & l.6,is
given by reaction 1.8 - the direct reduction_reaction.

It is; therefore, believed that even in the direct reduction,

the effective reductant is CO.



1.3 MAaTHEM.TICaL MODELS

Mathematical model is described by a set of differcntial
and algebraic equations, which can be numerically solved by
computer. From a mathematical model the variationgs of the
sitﬁations in the furnace associated with the changes of
operating conditions can be predicted preciscly, and so,
for carrying out the efficient operation and the appropriate
process control of blast furnace it is neccssary to derive

the mathcematical model.

The existing models can be classified into three

groups:

(1) Blast furnace is divided into several zones and the
chemical equilibrium is kept in each zone.

(ii) The furnace is divided into several zones and the
temperature in the individual one is assumed to be
inverient and the rcaction rates are included in the
model,

(iii) Basic equations are derived by taking heat and
material balances around a differential height of the
bed at an arbitrary level in the furnace in which
the rates of heat transfer between fluid and solid
particles and the reaction rates are taken into

accounte.

Most important ones, constituting first group are

those of Keichardt3, Ridgion?, Wartmenn® and Staib et.al.®.



Reichardt3 divided thce Blast furnace in five ranges
of tempcrature and obtained longitudinal distributions of

tenperature of gas and solid particles.

Ridgion4 set up calculus of the model and analysed
the change in sensible heat of solid particles. He also

calculated the effect of o0il injection on ccke rate.

Wartmann5 divided the¢ furnace into four zones such
as pre-heating, indirect reduction, direct rcduction and
hcecarth. In this model, heat and material balances in c¢acCh
zone were combined with overall material balance taken
around a wholc furnace, and the quantity of heat transferrcd
from a zone to anoﬁhery the production rate of pig iron,'the
discharge rate of slag and the consumption of coke were

determined numerically.

Staib et. al6 conceived the existence of chemical
reserve zone and a thermal Treserve zone. The lstter is cne
where temperature of solid particles almost equals to that
of gas while former is the lower part of the latter where
the reduction of iron oxide might not occur.' Taking account
of these zones and also of pre-heating and processing zone,
the model for calculating the carbon ratio and the production
rate of pig iron under the given composition of top gas

was developed.
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Contribution to the secohd group is that of Flierman
et.al.’ . He divided the blast furnace into five zones
such as shaft, melting zone, zone cdntaining molten materials,
tuyere zone and hearth. The reaction rates of indirect
reduction of iron ore by CO and by H2, solution loss
reaction, and decomposition of limestone were taken into
account. Longitudinal distributions of teuperasture of gas

and solid particles and those of molar fractions CO and.002

were cstimated in terms of this model.

The models which belong tc third group are of Koump

et.al.8 , Lahiri et.al.9 9 Shimotsuma‘et.al}o, Wakabayashi
et.al.td) Okabe et.al.'? and Yagi & Muchil®,
Koump® treated the stack region of the blast

furnace as a steady state ddiabatic, one dimensional,l
countercurrent, heterogeneous chemical resactor in which

two components in the solid state are reacting with a gas.
This model consists of six differential equations. These
equations were derived by considering the recaction rates of
indirect reduction of iron ore by carbon monoxide and carbon
gasificaetion recaction,and several transport equations. These
transpoert equations were derived by taking mass, energy

and momentum balances around a differential height of bed

at any level in the stack region with the following

assumptions:

(1) 4&xial dispersion of mass and energy



+0

" (ii) Constant pressure throughout the reactor volume.,.
(1iii) Uniform temperature of solid particles through

out the perticle volume.

These assumptions do not correspond to the actual
conditions in Blast furnace, however, overcowe much of the

mathematical complexity.

By solving these equations with the aid of computer,
he obtained the longitudinal distributions of temperature
of gas and the solid particles, fractional reduction of
iron ore and the partial pressures cf carbon monoxide and

carbon dioxide.

Lahiri etenl.?

took up more realistic situation to
simulate the actual blast furnace conditions wherein
composlitions and temparatures‘of gag and solid may vary
both axially and radially. Hc developed an improved

mathcematical model for the stack regione.

Process analysis was carricd out for four different
cases to find out the general behaviour of thé process
and the effect of the operating variables on the
temperature and concentration profiles in the furnace.
The following conclusions could be drawn on the basis of the

analysis.

(1)* " In the stack region, the temperature and composition

of solid and gas vary along the radial direction even when



i1

the charge and gas distribution are uniform,

(ii) Temperature and concentration profiles are
affected by the change in the operating variables.
(iii) Thermél and chemical reserve zones exist in the
furnace stack region.

(iv) There are two regions in the furnace where rate
of oxygen removal is maximum.

(v) The pressure varies almost linearly with the
height of the furnace.

(vi) The chemical and thermal state of the furnace
can be predicted by the top gas temperaturc and gas

composition,

For (i)* average temperature and pressure values
are computed and corresponding average rates of rceduection
and gesification are determined and Koump' s model is

thereby corrected for thse values.

Shimotsumat® analysed the longitudinal distribut-
lons of temperatures of gas and Wakabeyashi et.al.ll
developed a modely which consisted of total balance and
stepwise models and analysed the operatlons of high top

pressure and oxygen enrichment.

Okabe'512 model-consisted of six ordinary
differential équations and determined the longitudinal

distributions of process varisbles.
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Model by Yagi & Muchit®

is the latest. It
predicts the theoretical esfimatidn on thehlongitudinal
distribution of process variables in the blast furnace.
Rates of the following reactions were considered in

deriving the model:

(1) Indirect reduction of iron ore by carbonmonoxide.
(ii) Carbon gasification reaction.
(1ii) Direct reduction of Wustite by coke.
(iv) Decomposition of lime stone.
(v) Reduction of iron ore by hydrogen.,
(vi) Reaction between coke and steam.
(vii) Watér gas shift reaction.
(viii) Direct reduction of Silica in‘slag by solid

coke.

Eguations were derived by taking mzss, heat and
momentum balances for gas and solid particles around the
differential height of bed at an arbitrary position from the
top level of the bed. The model is comprised of ten
differential egquations and threc algebfaic eguation.
Numerical solution of thése equations is obtained by

Runge-Kutta-Gill method with the aid of computer.

This model determines (i) Carbon ratio (ii) Production
rate of pig iron and (iii) Longitudinegl distribution of

proccess variables in the stack and bosh regions under

~
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arblitrary operating conditions. Yagi and Muchi also studied
following factors which could iricrease production rate of

plig iron and decrease carbon ratios:

(1) High top pressure.(ii) Charging of iron ore
of small size. (iii) High temperature blaste. (iv) Steam
injection.(v) Oxygen enrichment. (vi) Pre-reduction of

charged materials.

«ll these models assume steady state conditions.
Recently some dynamic models have also been proposed.
Fielden et.al.t® have estimated the transitional variaticns
of temperature and composition of pig iron and those of top
gas. Dynamic behaviour of process variebles in the zone
betwecen melting and tuyecre levels have been determined by

ilS

Yagi and Much for the stepwise changes of blast furnace

conditions.
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FORMULALTION OF THE PROBLEM

So far the temperature profilé of the Blast
furnace has been considered as fixed and the various
reactions in the furnace are forced to take place in
these existiﬁg conditions of temperature. For the sake

of discusgssion let the furnace be divided Iinto two zoness

i) From room . temperature,at which the raw materials
are charged to 1L150°C.
ii) wbove 1150°€cC,

Reactions taking place in the first zone are

(a) Reduction reaction - Hematite is reduced to magnetic
and finallyAto wustite in the upper stack. This oxygen
removal 1is rather easy and can take place at relatively
lower temperature without large excess of reducing gas,
as the rate of reduction is high. PFurther reduction of
wuastite to metallic iron is slow and considerable excess
of reducing ges 1is required. -Therefore, only a part of ‘
the oxygen content in the wustite can be removed

economically in this zone.

(b) Gasification of Carbon - This reaction is highly
temperature dependent. ut high temperaturcs carbon
monoxide is the stable-oxide of carbon whereas at lower
temperature the carbondioxide is the stable oxide,_és

shown in figure 2. So thhe carbon gasified 2t any level
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in the blast furnace will depend upon the temperature

prevailing there.

(c) Dissociation of Lime Stone - The lime gtone dissociates

readily as the charge descends a few meters from the tope.

The reactions taking place in the second zone i.c.

at temperatures above 11500 are-~

(a) The direct reduction of the remaining wustite.

(b) The reduction of some of Sioz, MnOC etce. by carbon.

In this zone the fusion of solid starts and finally

liquid metal and slag forms.

Since the caﬁbon gasification reaction greatly
depends upon temperature, so a temperature profile could
be thought of, which would minimise the gasification of
Earbon consistent with the maximum reduction of iron
oxides, or the temperature profile which would optimisc
the gasification of carbon. Hence this_tempbrature pfofile
is termed as 'optimum temperaturce profile!. The optimum
teﬁperature profile would correspond to minimum coke ratc,.
The optimum temperature profile is calculated from room
temperature, at which the solids are charged, to about
1200°C ( solid temperaturel). The reasons, that 12009C is

chosen as the upper limit of temperature, are as followss

L) wwbove 1200°C, strictly speaking above 1130° ~1150¢C,

tize fusicon o solids starts and then the available kinetic
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data for reduction would not be valid.

(b) Iron oxide (wustite) retained above 1200°C may Dbe
reasonably assumed to be reduced by carbon only (FeO+GC =

Fe + COJ). ©So above 1200°C the gas will consist of CO & N .
2
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DERIVATION OF THE PROSLAM

The optimum temperature profile has been calculated
from room temperature to 1200¢C by considering the rates
of the three reactions given below and the mass balance

around a differential height of bed at any level in the

furnace:

(i) Feduction of Iron oxide (Hematite) by carbon

monoxide to metallic Iron.

Fe203 + CO ~— Fe + 002

(i1) Gasification of carbon
002+c—7-eaco

(i141) Dissociation of lime stone
CaCGS -—% Cal + 002

Reductlon of dense Hematite pellet with CO.

Fe203 -+ GO ""‘—'9 Fe + COZ t > - o o T o ama s s (l)

6

The rate of reductionl is given by

1 L Xe— ¥l o0 Pe_f ' i
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Volume of the unreacted core of one 'particle at

any time = H/z 77 %%?

Amount of oxygen in one particle = L}/sﬁ %°. 3,€G
Change in oxygen With time .:= — Ay = —v-é__' (L(/B w )C"} Qo)

Change in oxygen per unit wvolume per unit time= - %Q“O

— —_—
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Mass of oxygen per unit bed volume = ’:*/5 7 x",} €D Q\Q

Mass flow rate of oxygen per unit area =g_-= H

o " /‘5
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From Equation (3)
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Gasification of Carbons
C + CO2 —3 2C0

Rate of gasificationg of the coke particle is given by:

‘”“V\,QT‘.Z-DC;);P_, 2 bg L“r\_}?}o [A

, P Xa cos&(A NG ) = Sen S NG RS )} an)
_ ' ; /(*o S/W\-k( /\c. )Lbc—)
i <2 € K
Where /:\a et cE 2 T e ¢ 14
Deoy pco + !)CO/K [ d P
c %
Let A = Ao e Cash (WS % E) = Sam (XS X$)
S b €28 7 E) )

— e = Don ,bcol G 7R HS A pe

2 T (‘3>
¥ |

Volume of a particle at any time = E_;_ - }"f"i =
>
i 3 - ! ¢
Mass of carbon in one particle = ; w )‘v«. ((.
Change in carbon content with time = - fy\, - (L; KXC‘%({)

Change in carbon content per unit volume pPETr unlt time

* ; .
== We e = "‘E.J_'l(-‘-'v }\(;;) ¢ ‘Y\c>
- - b d G = ST @ e
< W v—dk(""\ i e e
y =& e T e ) e (1E
../\;\,C (WL‘—"»O_C_EC“Q{,_K )’L(‘:_ C,:_ W . 7 (‘l)
Masgs flow rate of carbon per unit area -Q —-%ﬂ y; {C’Y\CU-
From equation (14)
- %"Z"‘(GC) = e f\:\,c’\’\.ﬁ
From equation (13)

—S-(ge) = Devs Peon 4 Mo Ne A Pe mmocm-m(15)

-2
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Decomposition of lime stone:

CaCl0g4 —> Cald + CO, - ———— (16)
The rate of decompositionl7 is given by:

(‘b(*c'z.—)f.ﬁv - PCOZ

TN o T . = —(I7
vt o R Ty 78 4L )+C_f\__g_ X, K )
AT el I L 9277 S RPNV
Volume of an undecomposed solid particle = 4, = €32
_ Yy XL
Decomposition of lime stone with ,time:-q:\.e :.»O%( Ke_s,g )
Decomp031tlon of lime stone per unit volume per unlt tlme—-
- - 4 - B
Pemes =S g ot g 0
. -8 R
T o (5RO ML)
SR U R O
- Gﬁ( — T\ A} q’\{ 6{()‘)
Mass flow rate of lime stone per unit area =C;,{:%;r\ )(53‘({%{%
R S Ge) = = Avg M
Az A
;
A (G 4T NS bemel(Peor)eq — Peo, | ,
E )(‘) ’(Q Te rv & D - : ¢ ' Kk -'? '"(’8)
g DL ¥ Xo kot 4. W j
fo- 5L - (X% )5
xo N
S¢ \
— \ N
“3{”(@&) _A4T %2 be W U{D%wm — Peea ]
Az g!%i%wf_f- ‘-+0H[xf_‘f+ K
LoD Lx'i yhf K (% /onk
( = 4 73 )(D P;: TMe [( PC“”")f‘v - fz‘ﬁaz*} e “—-(19)
(;{Z 2 T; -t i -
f ‘ja -14'*0”5**&{}——9——'“1“?5 J
Y oy K 7’(& AN
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Derivation of the expressions for partial pressures of

carbonmonoxide and carbon dioxide in the furnaces

The solid are moving downwards in positive Z
direction whereas the gases are moving upwards in the

negative Z direction (Fig.3).

Considering the mass balance over a section of

thickness AZ.
Rate of Mass iﬁ - Rate of Mass out + pRate of formation =0

Considering the mass balance for oxygen
Go iz - Go ‘Z+A.Z = ~ rate of formztion

H

Go_lz - Go |Z+ékz =+ PoAZ

s (Go ; 2 - Go!aaz) = + TOSAZ

On dividing by A Z and taking limit

'"a%— {Go) = To mmemcmmmme——e- (20)

Similer expressions for carbon and calcium carbonate

can be written as-—

- *5%“* (Ge) = IC  commmm—mm e (21)
J_ e . _
- g7 (G1) =TI  cmeeemmemmn (22)

The gases are moving upwards, so their mass

balance cquations can be written as-

(ws
0]

o0

f Rate of R&te of
- + :
n mess out formation

L‘\
)]
O
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S cho ’-Z+A,Z - Gceco 'ZJ = rco S ADZ

On dividing by AZ and taking limit

=5 (Geo) = PCo | —-mmmomme oo (23)
Similarly

L (Geo,) = PCOL wmmmmm e (24)
az 2 2 v

2 (6g) = re ——— e e = (25)
az >4 T S . : .

where g = CO + GO, + N, i.e. totzl gases.

The basic reasctions taking place in the blast

furnace ara-—

O + CO £9 5 CO0,  =m==m==-=- (26)

C+ Cop "% 200 mmmmeemee- (27)

Caco Il o Ca0+Co, ~—m——emm (28)
j ° 2

Equation (28) is the removal of oxygen by
carbonnmonoxide so its rate of the forward reaction would

be ro . Similarly rates of reactions (27) and (28) would

be ic and rl.

From equations (26),(27) and (28)

rco ro - 2 PC emmemem—mm e (29)

il

I'co2 =+T0 + TC - ;1 ———-—-—;———(30)

On adding equations (29) and (30)

rg = reo + rcog = . rec - rl =--(31)
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since there is no removal of nitrogen gas.

On substituting the values of the rates of removals
of various species from equations (20) to (25) in
equations (29),30) and (31)-

g (13 R — (32)

a o d
ag*(Gco) = - 35— (Go) + 2 =

d R < s e
azw(Gcog) = 35 (Go) - Iz (Ge) + Iz (GL) - (33)_
_d'.._ Y — ..._.d B -—d | - — - o - ———— = o—

35— (Gg) = 35 (GL) ., + 35 (Ge) —=-mmemm—m (34)

On integrating equations (32), (33) and (34)~

Geo = = Go + 2 GC + Cl mmc e (35)
Gco2 = Go — G + Gl + C2 wmmmccm e e —— (38)
Gg = GL + Gec + C3 = =  ececmeemcacmme e (37)

where Cl,; C2 and C3 are the constants of integration, and

can be evaluated by boundary conditions.

Boundary conditions arc-—

at 1200¢C
GL =0 )
Geoo= O g
let Go = Go=* % —————— e e e = == ( 38)
Ge = Ge* ;
Geo = Geo® ;
Ge = Gg* 3
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So constants of integration from equations (35),(36)

& (37) will bhe-

Cl = Geo™ + GO* =w 2GC¥ m-me—memm——m——em (3¢)
G2 = 0-Go#* + Ge* - O = Ge* ~ Go* ~=~---—=(40)
C3 = Gg* - Ge* S —— 1D |

On substituting the values of C1l,C2 & C3 in equations

(35),(36) and (37)-

Geo = - Go + 2Ge + Geo* + Go* o 2Ge* ————(42)
Geog=-Go - Ge + G1 + Ge* - GO¥ —m—em—m e (43)
Gg = GL + Ge +Gg* - Ge* m——— (a4)

'Considér the iower portion of the blast fﬁrnace. The
blast enters the furnace through the.ﬁgyeres 2t tuyeres!
level. The oxygen of the blastmié uséd.for_burping the
qérbon.d The unrcduced wustite (FeO) géts reduced by
carbon directly at temperatures éreater than 1200°C° Some
carbon is dissolved in the pig'iron“and‘the reEt cf the

carvon is burnt to carbon monoxide at tuyeres' lcvel.,

Let Ge be the remaining carbon at tuyeres' level for
burning with incoming blast. This carbon is burnt to give

carbon monoxide by the reaction- |

Molar Volume of CO = Ge ——mmm e e == (45}
Molar Volume of oxygen gas nceeded for combustion = -Se __(46)

2
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Molar Volume of nitrogen gas associated with this oxygen =

§2 x L2 - (47)

Gases after combustion at the tuyerest level would be

CO and N2 « The total volume cf gases would be-

—_- Ge 79
Ge + S x 51
_o=. T 79 1 N
= Ge¢ {1+ 42i] S TTmmmmmemomemeeees (a8)

Carbon used for direct reduction of Go*'oxygen

associated with FeO is Go#® acccocrding to reaction

C .+ 0(Fed) —> CO

Carbon going to pig iron = Ge# .- Gc - GO* ~=ee-(49)

Gases generating from tuyeres' level to 1200+C level

(since only direct reduction is taking plece) = Go™ moles

So total gases at 1200¢C are (adding (48) &(50)) -

Ge {l +'§§— + Go* = Gg=* ————— e (51)

Total carbon monoxide at 1200¢C is
Ge + GO* = GCO¥*  mmmmemm—a———— ————————— (52)

Let Dr be the Driving.rate of blast

Oxyecn in the blast = .21 Dr.,

~

Coartusticon reaction of carbon at tuyeres' level is-

~t

C + % 0, (g) = CO



Hence Ge¢ = .21 Dr X 2 = 0.42 DI mem——e—= (53)

Substituting the values of Ge from equation (53) in

equations (51) and (52)

Gg#* = 0.42 Dr |1 + ~£%ft + GO¥ - (54)
and Geo* = 0.42 Dr + Go*. SUU—— >3

Substituting the values of Gg* and Gco*® in
equations (42),(43) & (44) —

Geo = - Go +2Gc + Go* - 2Gc$ + O , 42 Dr + Go*-—-(56)

Geoy, = Go‘- Ge + Gl + Ge*® - Go®* __-__;,_--,“,_(57)

Gg = GL + Ge - Go* + 0.42 Dr ( —35+ ) + Go* ---(58)

_ _Goo _ _=Go+2Ge + 2Go* - 2Gc* + 0.42 Dr
peo ———5,-;-9- s T Ga R Got T G.42 Dr(121/42)
. : R L e e o ——r. vm st —— —_— - (59) .
o e °% Go-GotGliGo* ~ GoX == (B0)
PCOS= “FE~ = G1L + Ge +Go*-Ge*+0. 42Dr(141/427

The numerator and denominator of equations (59) &

(680) could be made dimensionless by dividing Go®°,

Go 2Gc 2Go* 2G et Dr

~ Got T Gos ' Goo " Goo  t "Gos ¥ V.42 (é ,
DCoO= - . — - e 2 s 1
Gl Ge Go* Ge* Dr ,
Goc ¥ Goe T Goe . " Goo T Goe X 1.21
o . _Ge _ GL_ . Ge*  GoX*
o= —T0F Go® Gos Goe Goe® e (82)
P 2- Gl , Ge | Go* Ge® | _Dr 1.2 ~
Go¢ -~ Gose Got ~ Goe® ' Goe ¥ le=1

Equations*(61) and (62) give the partial pressﬁres
of carbon monoxide and carbon dioxide.dat any level in the

furnace from room temperature to 1200¢Ce.
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Integral to be maximised:

The aim here is to reduce the maximum possible iron
oxide with the minimum coke consumption between réom
temperature and 1200¢C. Also the initial input of ore
should be maximum. By incorporating these conditions the

integral which is to be maximised can be written as

followsz:

) =L .
I' = Goe =+ ‘f (ro - rc) 4z
2=0 )

The limits Z = ¢ and Z=L correspond to room

temperature and 1200¢C,

72=1, . -
or I = 1 + ( L2 - =52 ) daz
Zg; .G8 0
I
or I' =1+ 52 (£ - £5) dZ —~=-oom-m- (83)
= X2 = LT
where fl = Tge and fg Go
o o

So the integral which is to be maximised can be

written as followss:

~Z=L
1= (£, = £.) QZ —mm—mem——=moeee=(64)
Z 1 2
=0
Z=L
or I = / f d7Z = emeememm e ——— - (65)
o
7=
o7 o - omad - ) .___,_____.._____.___._ __________ "6
whare T, fl fz' (66)
The problem, therefore, is to find out mathematically

thint teupernture profile which would maximise the integral

civen by eqguation (65).
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MATHEMATICAL ANALYSIS & COMPUTATION

For maximising the integral given by equation (65),
let the equation (8) be rewritten and equations (18) and

(19) be divided by Ga°:

£(G)o be (- _beg = Peos/es I
dzNGgel TRTayee. U o+ X2y, - -3
)R s S (ko) 1 A

St |

Az G

«.d. Qe - 3 bk ﬁﬂoz bco; }i: Mo A
‘..000.0(67)

?J Ve o - . .
qo E WL Moty )R~% L2 5 QF!% “?

oo.-oo.e!o.o....o{68)

Since - 5% (Go) = To , from eqguation (20)
Hence - %E(_GO@) = Lo = f1
Go Go¢®
Slmilarly - E%— “%go %ge = Iy
Let g“g = X3

ooa.“o.o..o.o@..0.65.(69)

'
!
!
J

(R}
®)
*
l
P
o
N N N N N NN
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Equations (8), (67) & (68) are equivalent tosz

ax,
—'—-d_-—z——-._ -—fl ..Q......ano.o(?o)

dZ = —fz .-ooo.ooboooot(’?l)

"‘f3 .;oooooo..o..o(?g)

Let a new component X5 be defined as:

d XO :
dZ L= —fo .00..0.0.00..9(73)

with the inlet conditions

Optimization Methodlgz

Here is defined a set of new berms known as
'adjoint functions' ( Ai) which satisfies a set of coupled

differential equations:

a M- n D f,
—— , ml i - .
dz - ‘:62 E}}Xj Al ooos;;.o.--.o.....o(’?4.)

"/‘Jhere j = O 9 ls 2 9 e 0 g e

S0, for this problem, the. adjoint functions can be

written as follows:

d,\o

dZ _— .ooo-oooo.oco---010000000003-0(75)
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a A R > £y >fy

dzl = 2).& —L2- XNo + T.}E;)\l+ 'S'Al /\2-!- b-& ]-..(76)
aA, 3T ) Bfl 2%, ...(77)
57 = [?;ii Ao * T A1,+-—§7§5 Ao+

dAs | 2f oy 0Tq ... (78)
iz ~ = axé Ao T X, AL+ Fon Aot

- The optimum temperature profile for the maximisat-
ion of the integral given by equation (65) in one, which

satisfies:

n DL
ST AL e = O
1% ot

- df, af, >f £y
Ol)\o* ST ’i")\l }bT‘ +/\2‘—-‘S7f2 +)\3 .-S_T——'n O eeeel79)
wnere 2% _ 0f;  Bfy ;
0% o4y 0%y )
. )
2, df 28y )
aqu BXZ = ng ) ocn.olo0....0..-.‘.0.’-(80)
5 .
CES S e S
pf,  ®f;  af, )
aT — % ~— BT )

and Ai , given by equations (75) to (78), are undefined
functions of position which are restricted by.the following

Boundary Conditionss

Ay (L) =12 . )

, ) B €= §)
P\l(L) =g (@) = AgI)=0 )
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Equation (75) can be integrated to give
ho: constant .0..0'.....0...0.‘...0'(82)
On substituting the Boundary Condition from equstion (81)
At Z=L

y ¢onstant = 1

On substituting the value of constant in equation (82)

AO'-: 1 -o.coooooooo;-ooo-.--o(gg)

On substltutlng the value of A from equation (83) and
expr6551ong of £, from equations (g80), equatlons (76),(77)

cand (78) can be written ass

a A, lar, af, af [ ofg 275 5
iz = [axl“ ax axi')\l‘* ?;1’\2*' 5%, Aa
aA T er > £ ' > f. 7
Al N S deb I etz o 13
az- 3%, CApr 1)+ %, (P - L+ 5% A
L 1 1 ]
AA 5 'z;fl(/\ >f5 ¢ 3 f 7
_ 220G, -1, _2°3 A
dz B2 3 X, 2 X5 73]
a A3 ~.» £y . af g 3 I i
Let()\l“' 1)= _’;\—l 3
— ) cceeccncacensacl(84)
aﬂ(ﬁg"lf:hz g
On differentiating equations (84)
A2y 4
dz az
.

az dz
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a > >F ST
Honce —ft = | —3yEeRT * SRt As  BE A | oo (e
| o% O&y “1 1
a3 B of >f ]
A2 . 2 3, ~
dz. T {SE; Mt TSR YRR, Ag| —m———---- (86)
d AS — éfl :"""'}\' -+ B"flg.""’x 5 + 5f_3 ‘A ~~~~~~~~~ (87)
iz X3 N T PE e T TRy

Equations (85) , (8s), (87) contain modified adjoint

functions )y » A\ g s which are defined by equations (84).

So modified Boundary Conditions are:

A =2 )

)
TXQ(L) = =1 % ———————————————————— (88)
A3() =0 ;

On substituting the value of ﬁo from equation (83)
and expression of f, from equation (80), equation (79) can

he written asse

2f. of 3 3T Jf
1 2 Ay 22,y 9%z _
T 3T AL ET ot Ay 3T A, >T. = ©
DF >F
o 1 2 3 _
2, L, >
oy "’Tz /\vl + ST Ao + "_a S )\3 = 0 e (89)
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B oty . _ .
i;ig and ST » where 1 = 1,2,3 and J = 1,2,3

occurring in equations (85), (86), (87) and (89) can be
obteined by partial differential of the right hand side
term of equations (8), (67) and (68).

On comparing equations (8) and (70):

J{ Bbﬁ j-)co - PCO?—/KCQ
s

TR X GO ) s XL, Vs o ey 1 (2]
- ° < B [..(X‘ - ] /ha

For convenience of writing the lengthy expressions,

some symbols are defined,; to denote the expressions, as

follows:

Pco = (4)/ (B) from equation (61)
Pcoo™ (CY/(B) from egquation (62)
(5 )= 2 Pe
Q'Ei X8 €0
o}

_ ) “3
(D) ::{ I+ X{; [(Xﬂ */;__1’} (x) 7B hr}

Equation (20). can be written conveniently as:

—(c P(A)/(B).-(c)/(B)A-K A
fl~(S)l () eo )

| Tmmmmmmmmmmmoeo (1)
On comparing equations (87) and (71):
f? - D Pt Deoa Hs MNe A EBeo - _ (92)
- R 7& 1S3 e Mo U
= 3 be Doy Xe Me A (<) /(B) (93)

R —rg )f.{ib € MNa U
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On compafing equations (68) and (72):

f' .- 7 b )Lci e {*’-Pf_o'z) ey f’ccn 3 e eeee(94)
3 RoxoPwm U fRH Ve D AHT ("% K
A ) S )

S
(G) = 3 brt Xoe ”"'Q{(bcoz)@v - ﬁ’coz,)l
3 R Ty —y )
(Fr = €o Xg ”nov{w?f § 54 +.D ] 0:_‘*-_[11 4 K
—t e | g -t
5 REZSI AR )
fy = )/ (p

On differentiating partially, the equatioms. (21),(93)
& (95) with respect to Xis &5 and XKgs

bf{ (5){ i l _ a -5
T L )01 =(beo— 1 % ~4 ) 5 i
axt (D)Z A (B) (8) kgo) ) (b(o bCDL/kQQ)(dﬁo \"%X' 3).._25_____;‘3_};
: -

(o6

| %;fi _ 5 bt Deo, Xo Me A { (97)
oy R SE¢ me U (B,

2fs | 3P XS me{(Peonyy — /i)

e Py

3 5 (98)
oX2 (D) | (B2 (B)* Keo
ofy _ 3 Pt Deoy X5 e A /"LB}‘<"‘)£ (100)
o X RTg Xg3 €0 Mo & (B)?

g
O0Fs 3 be Ko Mg (be _{ﬁ.z;if.’_] (120D
D Xa CP) “0‘)"-"1/ L (B)F



D < : |
¢ §‘ - LO?_ ] (A) . (By - () ) eeenann . (102)
oXx >y By (BO* keo 3 ' )
2>{z ~ Bfuri%OZN}Cf %q£'LB)-(C2} Cereraeaaeea(103)
o X3z RTQ et €o Mo UL (B>
, (B) —(<)
25 _ zhe nd me§Peoa)e, ™ ey § @)
S Xx (P) 2
Gy -4 Mo { Mo 4 {
—1 8 X2 U g X = )3 g G
¢ 8 8@ & e 08 e oaoe (10‘1)

On differentiating partirlly, equations (90),(92) &

(94), with respect to temperature (assuming that temp. of

solids and temp. of gas is sate i.c. (TS= Tg = T) =
24, _ 3b o o
el I 4 _ Peo ™ Peco : - b P f
St wder () e e o the BGR)
’ i (DY
bCO"P(ol{ ( -
- S Keo { 3 / - b
. O e \(; /-3 > | *%"\‘ [
DRES {"‘““a’_r(o()+iu(x! -af)_é‘_:_r‘-g)*t'x Q,ai/_i: {f ),I
- T )i

ceccsecececsesl105)

i‘ S 2 _(Deoy) 4 Deone %%3-—DCOLI\
t 3

O.-.......-l\‘.(lot’s)

RXOB'f)a'hoU'Tj

ST
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< §s Z, ¢ E.‘.. A - UG
2 o %P e Mo H (P G LfoX%B'Y\OU;(R[{XSKQDB&%O N2yl
, Co €eMo \ 4|

°r , (F (P W3 e
. o L - . ~
(-T2 2200 R bl x®Gma Y |k ] sa ﬂ
=0 Aot Il RiPuwll B
P f Xe Kt nE> e el axf) T
3
a4 @ 8 8 ® o 0 ¢ 9 & 8 > 3 o e (107:\

In equation(107) heat-transfer coefficient & mass
tremsfer ccefficient to surface ol czlecium carbonate have
been assumed to be independent of temperature.

The terms occuring in above equstions can be expressed as:
Let Keo = L @ 3VRT
i'/Kc..() _ f:—- _Q_Q“"/RT

P (,{,.._.)__ . /__,é‘u & ' -
oT\Keo/ T |\ Rjyr/ & RT ... ceeeaaeaes (1087

<= Koo “fz%(c ©) A (C 02

k(“.o ’ﬁ\)’w\ CCO}L) -+ h-m«(‘CO)

£

Taking L (CO) 7 &M(COL) = ’(Qf'w\

X = _Eﬁf..._.“.%\%

Kegt+ ¥
Let ’%\M\ = MTM
3 . Keg =+ i S
<7 Teew hmm T T 'fl*i‘;fﬁqw
= L™ ™ L SvaT
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O /i M -ty (=% -1} ¢
L (1Y - SN PR @ =1) @'VPT a -y,
(BT('O( ) ™ 1 M( J & N E—_!;'i) i ~€.Q,./R'T)
o i an o Greaar) i a; P e
S = Ve /R <- Ty Emoy 8L M
S (”() ™M T Tm RT* )
............... (1027
B = Keo Deo l}csz
Co A - et
Taking D 7 - _fo;’_ = D #
2
Let D # = N T v
o
Ao Kkeo D :
Keo + 1
1 po -
/f’\ . . KCL’ ¥ 1 e mji—‘—"“ -~ ....l—-«-——-—-—- —
K ¢ o D (L./'f D <l ;< ¢ D-\_,I,
i - -y, &
R 4 - /RT
N Le Y “
2) ! 43! k-m_,) 1 &6/ A1) “ _ AY
ST B ) N T © ( 3 E‘:T /
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Let DC(.‘%« - Nl -Trv\fi

- {) I ‘ LY -
?;i s ) - ’\!‘ﬂ\;a,,@,‘/i { ..

oo Do Xy Ga b (A5 %E) - Sen RS %S

- < Lo
> s \ 1 KL
S b (A5 25)

0000000'00000‘001(112,\

= A nE ok A5 xS ) — 1L

\\ e " ©
R VYO VI I (XS %) 4+ (AS WE) —mcrﬂ (33
&) ' oT o |
éAw (\ < J . - /7 L. '>:
e Cet A (A5 HS ) ;1_:00 (&) (AT M)( ~See AT (AS D)

| "

S (A0)

Y. B

- —-—-~<:\c° NS )lcgu (AT ) = O ) Comec 7 27 2 <)
.} . o..ll“““"“‘(llg)

Y
4 . - C pu - 2
where )\ o 8 O i €C - - KC & - )L,;; K Tg L (ll‘i\)
DCOL l‘:’co,_ + PKO/K
. €.
Let Ke & = Lz o b /R

1<, £ oot L_L\ £ G\{*/'{T

%
Deoy, = N3 T

: ’ -Gz - - &
< C { o2 ) L Z/R L
>\,D K(ﬁ\ ~. l {(" XO, R L o) < — ‘L'Lt.l £
T }\) ) -TU’\ - n( L L _DC..O:z, A Bt e }j&é)

: _ —f B+ Gy
_ [ e e - R Lz Ly \yl’ £ ‘N‘Ji“fzjfw) ,
A T\h T /} ( Lo Pco., Qﬂ&q/ﬁj ”?‘f.':‘ce)yl‘
A e L . )
Let Las = ( e s Rilala ) 2 ke Qs = Qzra,
N+ _ 2

F—~



Hence

e xS

O (HEnE) =L
_:3.;(;\ ne)=Ls

where (¢ hact g
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L & SR

L. ' - _ . ,'/

b= (.L £y Pcd € YT 4+ F‘C.O) -
oy P - @\!5 ___&,:7. N
i ,

ey "o > QG L
l.'TM‘-;y's(LL, Pco;.ég\q/ﬂT'—rpce)%" T ')(LL,E%_{— ”‘-&T*‘F"G)

Q....c.’...."(lls)
Qb |

) . oG
e z ! . (LQ "‘CQ;_"& Ry ‘1’]3:.0)'1'
I Tt Qe =k —- Qg
— f il .. % a e &
PTE Lhbeon €% 4 boo) oo bu Bh
- &5
bet (bc 0“) w, = e e =
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For finding

the optimum temperature profile equations

(8),(67),(68)3(85),(86), (87) and (89) should be solved

simultaneously.

i1s not possible.

numerically.

The analytical solution of these equations

Tnerefore, these equations are solved
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Computationsl. Scheme:

The scheme, for solving the above mentioned
equations, numerically, is outlined in the following

sequence of stepsz

l. 4&n arbitrery temperature profile has been assumed
along the furnace height., This profile chosen here is
approximately the existing temperature profile®*, The
temperatures at the intervals of 0,5 m, from the top, along

the furnace height, have been determined.

2. The concentrations of wvarious materials charged in
the fufnace have been computed along the furnace height

by solving equations (8), (67) & (&8) numerically by

Runge—Kuttal9 method, (Numerical method is discussed in '
Appendix ) .
3. iAfter establishing the concentrations, the adjoint

functions have been computed by solving equations (85),

19

(86) and (87) numerically again by Runge-Kutta method.

4o For the determination of a better approximatidn for
the optimum temperature, equation (82) has been used. The
concentraﬁion values determined in step 2 and adjoint A
functions détermined in step 3 have been substituted in
ggquation (82) and a better value of temperature is

computed.
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5., & new temperature profile has been taken as an
arithmetic mean of the assumed temperature and the

temperature computed in step 4.

G Steps 2,3,4 & & are repeated with the new
temperature profiles until the temperature profile remalns
unchanged.s ‘

“ The approximate existing temperature profilego

used for starting the calculations is given'by the

following eguations

T = 273 + 1000 [l-exp (-0.25Z)+ exp (0.56252-12.7§f
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Dnta Used in. Computotion

Bguilibrium constants and Rate dates

Equilibrium constant=+ for

F6203 + CO0=—=3 Fe + LOZ

For Ts <« 848°K
for (1-X4)< 0.111 5

«o

Keo = exp (4.91 + 6235/Ts)

for (1-X4) >0.111 5 Keo = exp (~0.7625 -+ 543,3/Ts)

%
oo

For Ts » 848°K

for (1—X1)<100111 5 Keo = exp (4.91 + 6235/Ts)
for 0.111 < (1-X,) £ 0.333 2z Keo = exp (2.13 - 2050/Ts)

for (1-X

l);} 0.333 3 Keo = exp (~-2.642 + 2164/Ts)

i 22
Speciflic rote constant for

F9203 “+ GO0 ————= PFce + LOZ

kr = 347 exp (~-3460/Ts)

Egquilibrium constant? for formation of CO
Kec = exp (10.957 - 15300/Ts)
Rate Constant9 for carben gasification

Ket = exp (20.35 - 30590/Tsg)

(1]

Ts ¢ 1273°K

Ts > 1273°K Kct = exp (R8.482 - 15400/Ts)

Qther parameterg used:

R = 0.0826 m", atm/kg-m0le®K

Xo®¢=0.02 m
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%0% = 0.035 m

”ol = 0.017 m

v = 3 m/hr.

pt = 1 atm.

H = 42,5 X 103 Keal/kg-mole.
22

K22 = 10.2 x 10”2 Kcal/m.hr.®K.
¥%%* = 129.6 w/nr. |

24 _

h 71.6 Kcal/me . hr.®K.

Void fraction of bed = 0.4

Diffusion coefficient of CO in porous solid® =

2.592 x 10°° 7578 p2/nhr.

Diffusion coefficient of CO, in porous 5011d%% =

2.236 x 207° 75178 pEmr.

Density of iron ore = 4.33 x 103 Kg/m3
Density of coke = l.24 X 103 Kg/m3
Density of lime stone - 2.5 x 10° Kg/m8
Porosity in ifon ore28 = Ep = .20
Porosity of lime stone = Bpl= .15

%)

Porosity of coke = Bc = .50

Production rate of the furnace = 1500 tons/24 hrs.

Time of descent of raw material from top to tuyerest
level = 8 hrs. .

Height of the furnace from top to tuyeres' level = 24 m

hAverrge diameter of the furnace = 2 m.
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Raw materials needed for one ton of nig irons

1600 Kg of ore 7z~ 1370 Kg of Fe, 0,

273
800 Kg of coke

450 Kg of lime stone.

Driving rate = 150000 N m°/hr.

Calculations of some parameterss

Lriving rate: )

Driving rate = 150000 N m°/Lir.

120000

S5 = 6700 Kg-moles/hr.

i’

Area of cross section

Il

Bell X 4.5 X 445 = 63.6 mz

1l

Dy = %%Q%— = 105 Kg-moles/mz. hr.

Mass flow ratess

Iron oxide

. , 1370 x 48 PE—
1370 Kg of Fego3 = e ng = 411 Ko oxygen.

= ﬁ%%~: 25.6 Kg-moles of oxygen/ton of metal
Go® = Kg moles/mz/hr. i

= ggéGXXG%?gO = 25.4 kg moles/mg/hr.

300 Kg of coke =~ 640 Kg of carbon

540 = " . ~
= g5 = 5333 Kg-moles of carbon/tcon of metal.
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Lime stone

450 Kg of calecium carbonste =

o0 = 4.5 Kg-moles of Qacoa/ton of metal.

x4 _ Go _ 25,1

o Ge 53,33 )

X = ( 5) o = tEE— = 2,04
2.2:0 Go Z=0 25.5

~7 Gl - .5 =

D = (—=z = e = 0,171
8iZ=O Go Z=0 25.6

Number of particles per unit bed volumes:

Let no, vo and do be the anumber of particles, volume
of one particle and density of one particle of ore.

Similarly nc, vec, dc for coke and nl, vl and dl for lime

stone .

no vo = Total volume of iron ore perticles in unit ped volume.
nc ve = Total volume of coke parbicles in unit bed volume.

nl vl = Total volume of limc stone particles in unit bed vol.

no vo + nc ve + nl vi =V

where V is the volume occupisd by solids in one cu.m,
Void fraction of bed = 0.4

hence V = 0.6

no VO‘*‘HC VC+1’11 Vl:O.G .o.-ao...ooo-oo.oo-(a)
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no ve do = Weight of iron ore in unit bed volume.
nec ve de = Weight of cdke'in unit hed volume.

nl vl dl = Weight of lime stone in unit bed volume.

no vo do . 4 . 1600

nc ve de i 300 _g2°p ceerescaaad(b)
no vo do _ _ 1800 .

rl; vj- dl - k2 b -,}‘50 - Boab Qoooosonlo(c)
Radius of iron ore particle = 0.02 m

Radius of coke particle = 0,035 m

Radius of lime stone particle=0.017 m

Volume of one iron ore particle = %ﬂ X 3.14 x 2 x 2 X2X10—6m8
= 33.49 x 107° 3
Volume of one coke particle = 35 X 8.14x3,5x3.5x8.5x10‘6m3

= 120.075 x 10°° n°

e —-P .
Volune of one lime stone particle= émxS.léxl.?xl.?xl.?xlO om'3

= 20.63 x 107° n®
; . _ . 3 3
Density of ore = 2.33 x 10Y Kg/m
Density of coke = 1,24 x 108 Kg/m3

Density of lime stone = 2,5 X 108 Kg/m3

From equation (b)
no_vo do

de Kl _ .

ne ve =

no x 33.49 x 107° x 4.33 x 10°

1.24 x 10+3 x 2
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From equation (c)

= no vo do
nl vi = ai kz

- -5 3
no x 33.49 x 10 X 4Ae33 x 10

2.5 x 103 x 3.56

Substituting the vzlues of nc ve, nl vl, no vo in

equation (a)

no [ 33.49x107° + 33.49x107%x4.33 | 33.49x107%xa.337_ 0.6
1 1.24 x 2 2.5 x 3.56 | ¥°
' -6 | 4.33 , 4.33 4
no+33.49 x 10 }} + 5232 4 2.5x3.56j“ 0.6
- |
_ 0.6 . 1 :
no = 33749 x 10-° i 1+ 2.33 | _ 4.33 cesacesse(d)
] 2.48 T 3.5 x 3.56
he = Do X 33,49 x 107° x 4.33
180.075 x 10-° x l1.24 x 2
_ no x 33.49 ¥ 4.33
nc~180-075X2.48 ..C.Q..OO'O...‘D........-...(e)
no x 33.49 0=6 » 4,233 3
nl = N x 1 X 4.33 x 10
20.63 x 10~% x 2.5 x 10° x 3.586
_ . Nno X 33.49 x 4,33
nl— 20.68X2e5X3.56 --o.o....-.o..nocoo.oo.ooo(f)

Equations (d), (e) & (f) can be solved for number
of particles of ore, coke and limec stone in unit bed

volume.

Molar Density of oxygen in iron ore ( £o)s

3

Density of iron ore = 4,333 x 10 Kg/m3

-
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: 3
4.333 v ~
Density of oxygen = 2.833150“0 o 48 Kg/m3
. ) - . 3
Molar density of oxygen = L'BigOXXlSG X 48

= 81.25 Kg-mole/m3

Molar density of lime stone ( €1)s

Dengity of lime stone = 2,5 x 10

Mols it - e X
Molar density = 165

= 25.0 Kg-mole/m°

Effective diffusion coefficients oi CO & COQ:

Piffusion cocefficients of CO & CO, are almost
o .

eqgual,

Effective diffusion coefficient of ¢0 or COz'in iron ore

is gilven by22:

Deo = 2.502x107° 75478 (0.53+0.47 Ep) (0.238 Ep+0.04) .
where Ep = porosity of iron ore.
"Hence Deo = 2.592x10~° 7s1* 7 (0.53+0.47%x.2) (0.283%x.2+0.04)

Effective diffusion coefficient of GO in. coke (Dcoz, used

in eguation 15) is given by22:

Deoy, = 2.236x107° 151+ 7x0.45 (0.04 + 0.238 Ec)

where Ec = porosity of coke

6 1.78

Hence D002 = 2.236 x10"~ Ts x 0.45 (0.04 +0.238x0.5)
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Bffective diffusion coefficient of CO. in lime stopne is

given by22 H

D = 2,236 x 10 15178 (0.702 Epl + 0.208)1*%1

wnere Epl= porosity of lime stone
51“78 )loél

Hence D = 2.236 x 10™° 7 (0.702 x .15 + 0.298

. A - s s ; 22
Mass transfer coefficient (dom) in iron layver is given by~ s

A
Sh = 2.0 + 0.55 (Re)¥ (sc)¥

km_2 xo0°

where Sh ; Do

2_xo0¢° v&
Re —»5?T~X¥
Sc = fﬁJZO
v — linear velocity
“ « density of blast furncce gas

ﬁJ - viscosity of gas

i

. -
- Deco 2 xo0¢ v (. & R
km —§—§53-{2.o + 0.55 ( v )% s553) j

Dc ¥  -1/6 1/6 5
km = Ergé%;— L?.O’f 0.55 (2 xo° v)* 1y, 1/6 Ql/ Dco“?]
where A = 4.960 x 1072 12, (1g+103)

¢

1.2507 + 0.7261 x 0.09

it

Eguilibrium partial pressure of CO with_lirse and

)

calclum carbonstes

{ CaCOz7 =,Caly -+ (CO)
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o
o

. : . . ; , 2
Frce energy of the above reaction is given by 1

A C¢ = 402850 - 34.4 T

DG = -~ RT 1in K
. 40250 _- 34.4 T
vlﬂ (PCOZ)eq 1.8 T

(pcogﬁeq = exp (17.3 - 20220/T)

quiliburivm _partigl pressure of

T i e a1

C02 with temperature (denoted by a )3

(pcos2 ‘ .
;ﬁ 27eq = ﬁf%*’exPo (17.3 - 20220/T).
= 820220  oyp (37.3 - 20220/T).
T
/o 8o/l

CENTRAL LIERARY UNIVERSHY OF ROORKEE
: ROORKEE
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RESULTS & DISCUSSIONS

Equations (8), (&7), (&8), (85, (86), (87) and
(89) are solved with the aid of computer using the
computational sequence gilven in the last chapter. The
initial temperature profile is calculated from eguation
(112), values of which are given in table 1. The
initial temperature profile (ITP), which closely
resembles the temperature prdfile of the 8last Furnace,

is shown in figure 4.

During the execution of programme, each
successive iteration gave refinement in the initial
temperature profile. They are given in tables2 to 9 .

The iterations were finally stopped when the temperature
Profile remained unchanged. The temperasture profile so
ovtained is given in the table 10, and shown in figure
5. This temperature profile called the optimum temperature
profile corresponds to the minimum coke rate, consistent
with the maximum reduction. Figure 6 shows the existing

& the optimum temperature profile,
temperature profile/for the sske of comparison.

The amounts of iron oxide reduced, carbon gasified,
and lime stone decomposed are calculated, at existing and
the optimum temperature profiles. The vzlues of, Go/Go®,
which gives the amount of iron oxide reduced and, Gc/Go&,

which gives the zmount of carbon gasified, &t the existing
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temperature profile are given in table 11 and shown in
figure 7. These values at the optimum temperature

profile are given in table 12 and ‘shown in figure 8.

It con be seen from figure 7 or table 11 theat the
values of Go/Co® at Z=20 m. is 0.332 with existing
temperature profile. The same value with optimum
temperature profile is reduced to 0.170 (figure 8 or
table 12). So if furnace is operated at optimum
temperature profile the value of Go/Go® at Z=20 m., is
reduced from 0.332 to 0.170 i.e. by an amount = 0.162.
On the other hand, the carbon gasified is increased.

Lt Z=20 m., Gc/Go¢ value with existing temperature
pfofile is 1.6732 (table 11), and Ge/Go¢ value with
optimﬁm temperature profile is 1.5992 (table 12)e Vaolue
of Gc/Go® increased due to the optimum temperature

profile is 0,0740.

From the above discussion, it is obvious that due
to the optimum temperature profile,
decrease in Go/Go® = 0,162

and increase in Ge¢/Go® = 0.0740
Hence decrease in Go = 0,162 x 25.4 = 4,1148 kg-moles/mg/hr.

With the existing temperature profile, this oxygen
would have needed an equal amount of carbon at temperatures

above 1200°C., This is because only direct reduction takes



place obove 1200¢C and one mole of carbon is needed to

reduce one mole of wustite. So the amount of carbon

reguired to reduce 4.11 kg—moies of oxygen is 4,1l kg-mole=

of carbon per square meter per hour.

Now considering the increase in Ge/Gos

" Ge = 0,0740 x 25.4
= 1.8796
= 1.883 kg-moles/mz/hr.

SCo saving

Seving in

Seving in

in carbon is 4.1l ~ 1.88

= 2,23 kgemolés/mg/hr.

Al

2.23 x 12 kg/m°/hr.
26.76 kg/mS/hr.

it

26.76 x 100
50

coke =

l

33.45 kg/mS/hr.
coke per ton of pig irocn.

33.45 x 63.6 x 24
1500

I

8‘&-@5 kg 3

Thus, by operating the furnace at optimum

temperature profile about 34 kg. of coke per ton of

metal can be sav

2d in reduction of iron oxide.



It should be pointed out here that the direct
reduction»of wustite is an endothermic reaction. So
by operating the furnace at optimum temperature profile,
the cmount of wustite, to be feduced directly in high
temperature region, can be reduced. Thus, the thermal

load of the hearth can be decreased.

It is, therefore, suggested that auxiliary
burners can be provided in the upper portion of the
blast furnace, so that the temperature may cpproximate

the optimum temperature profile.
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CONCLUSIONS

1Te - The temperature profile, which corresponds
to the minimum coke rate, called the optimum

temperature profile is shown in figure 5.

2e Coke consumption,about 34 kg. per ton of metal,
can be decreased, in reduction of iron oxide, by
enploying optimum teumperature profile in the blast

furnece.

3e Operation of the blast furnace with optimum
temperature profile reduces the thermal load of the

high temperature zone,
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LPPEND IX

Runge ~ Kutta Method

This numericecal method has been used for solving
equations (8); (87), (68) and then equations (85), (86)

& (87). The method is given belows

The given equations are of the type:

a4 XL _
dz - 1
d X2 ~
Iz, = T
X
d =3 _
iz, = a3
where El,Fg & F, are functions of Xi9Xs & Xy @

Step 13 &t Z = Zo , X153 Loy X5 are known

Store Xl as 4109

X as X2O,

3 as XBO '
Ca}culate FisFoy Py ond store them as FlO’F207F8O'

Step 22 Lt Z = Zo + /2 4 find X19&5yKas where
+ 0.5 (h Fon)

S
-
i

Xlo 10
X2 = Xgo + 0.5 (n Fgo)
Kg = Xg, + 0.5 (h FBO).



153
and then calculate F19F2’F8’ store them as F11,F21,F31‘

Step 3: wt.Z = Zo + h/2, find X,,X,,Xg, where

1°

X, =X, + 0.5 (n bll)

Xy = Xgy + 0.5 (h F.) .
end then calculate Fl’F29F3’ store them as F127F22’F32°
Step : 2 Lt Z = Zo + hy, find X15X29X8 where

Al = j(lo + h Flg

Xz = X20 + h ]:*22

43 T Bgo t B Fyp
and then calculate F19F2’F3 and store them as Fig9Foqsf 33

Step 5: Lt Z = Zo + h, the values of'x19K2 & Xn will be

v N oo . .

Xy = Klo + Z ( Flo+ 2 bll + 2F12 + BlB)

¥ = KXo + B~ (F. 4+ 2F _ + 9F _ + F ')
o o0 ¥ B 20 o1 29 o3

Ky = Xy + B (F, 4 OF._ + 2F.. + F._.)
e 30t 5 30 31 32 33

These values of Xl’ X5 & Xq are used for next

3
calculetions.,

gurce Programne for Solviwg the algebralic equation (89)

i T e, A S et s 3 S T S i e e st

The algebreic equation is of the type:

function (T) = O



Programme

21
25

26
o7

22
23

2.4
190
200

TMX = 1550.

DINCM= 1.

ITER = O

DINCR= 50.

T = 270.

CONTINUE

FUNY = function (T)
IF(ITER-1) 21,22,24
ITER = 1

FUNY1= FUNY

GO TO (27,26}, ITER
DINCR= DINCR* .5

T = T + DIWNCR

IF(T - TMX) 40, 40, 200
IF (FUNY1l* FUNY) 23, 190, 25
ITER = 2

DINCR= DINCR#* .5

T = T - DINCR

GO TO 40

IF (DINCR - DINCM) 190, 190, 22
PUNCH T

STOP

70
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