CHAPTER 3
MASS BALANCE AND THEORETICAL CALCULATIONS

This chapter deals with the mass balance calculations for the melt and other theoretical
calculations related to the reduction of composite pellets in smelting reduction process.
An attempt is made to develop a mathematical model/formulation for mass balance in
smelting reduction process and empirical relations for calculation of degree of reduction

for composite pellets.

The basis for mass balance calculation can either be weight (1 kg or 1 tonne) or mole (1
mole). From industrial application point of view, weight-basis is more useful and has far
greater relevance than molar-basis. In fact, it is more convenient to make efficient use of
materials by weighing than that by counting moles. Therefore, weight is taken as the basis

for development of mathematical model/formulation for mass balance calculations.
3.1 Importance of Mass Balance

The product output of any process depends on the amount of raw materials consumed and
the chemical reactions taking place. Aim of mass balance calculations is to estimate the
in-flow and out-flow of materials. These are essential part of plant records and routine
calculations for plant operation. Such exercise is widely employed to obtain the accurate
composition of a product with available raw materials and also for design of furnaces. A
relatively complete accounting can be made from the knowledge of what species goes
into the system and what species comes out from the system, with little or no need to

consider the complexities and mechanisms of the processes within the system [156].

Before attempting to calculate the raw material requirements of a process, it is desirable
to first obtain a clear picture of the process. The best way to do this is to draw a block

diagram. These are very important for saving time and eliminating mistakes.
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3.2 Material Balance Procedure

Material balance is essentially an application of the law of conservation of mass, i.e., the
mass of an isolated system remains constant irrespective of the changes occurring within
the system. It forms a sound basis for material balance calculations. The following
equation describes in words the principle of general material balance applicable to

processes both with and without chemical reactions.

Accululationof mass (  Inputthrough Output through G.1)
withinthe system B system boundaries systemboundaries ] )
The above equation can be written simply as:
(Accululation) = (Input)—(Owput) ... (3.2)

The equation reduces further when there is no accumulation within the system, i.e.,
steady state. In that case one can write:
(Input) =(Owpuwty L .(3.3)

This is applicable to a batch process which involves treatment of a given mass of
' materials in a process after which the products are taken out. If a process is operated such
that, over long periods, continuous streams of materials enter into the processing unit and
continuous streams leave the same then it is called a continuous process. In such a
process, one is concerned with the rate of input and rate of output of materials. If the
continuous process runs at steady state, then the chemical compositions of the input
materials and output materials remain unchanged and there can be no accumulation

within the system either. In such a situation, the material balance equation is written as:

(Rate of input of materials into the system)
= (Rate of output of materials from the system) ... G4

In other words, for both batch process and continuous process, whatever goes in that must
come out. It should be noted that material balance holds on the total mass of materials but
not on moles. For material balance, a convenient basis of calculation is to be chosen. In

continuous processes, it is either unit time (per hour or per day) or unit mass of product
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(e.g. one tonne of hot metal production for the blast furnace). For batch process, it is

either the entire batch or unit mass of product [156].

3.3 Development of Mathematical Model for Mass Balance

Castifon scrap— 3| — S Hotmetal

Comgosite pellits —

_.;%f‘%jc;giggz

Oxygen -

Fig. 3.1: Block diagram for melting in an induction furnace.

The process of smelting of composite pellets in an induction furnace is represented by the
block diagram as shown in Figure 3.1. The input and output of the process are shown
there itself. Table 3.1 also shows the input and output of the smelting of composite pellets

in an induction furnace.

Table 3.1: Input and output (mass balance) of smelting process

Input (kg) Output (kg)
Cast iron scrap (W)) Hot metal (W3)
Composite pellets (W) : Gases and volatiles (Wi, Wi3, Wyo Wy,
Wa1)

Oxygen required from atmosphere (Og) Slag (W2)
Total output = (W3 + Wy + Wiz + Wi +
Wao + Wy + Woy)

Total input = (W{+ W5+ Og)

Assumptions:

i)  Basis of mass balance calculation is one tonne of hot metal produced,

11}  Loss of iron (Fe) to slag occurs in the form of FeO,

iif) Removal of sulphur occurs in the form of CaS only,

ili) No other elements (including iron) are oxidized during melting of cast iron scrap,
iv) 90 pct of carbon forms CO gas and remaining 10 pct forms CO, gas, and

vi) FeyO; present in composite pellets is reduced by the carbon present in composites.



Iron (Fe) balance
Fe input = Fe output

=> (Fe coming from cast iron scrap + Fe coming from composite pellets)

= (Fe present in hot metal produced + Fe loss to slag)  ........ (3.5

Wixl, W, xFxF,xF, lwff__]mstfz
100 100x100x100 100 100
WoxFxE xR (100-F)_ W1,
10 100 100
_, WixFxFyxF) (100 x1)
10 (100-F,)
Therefore, weight of composite pellets require(W,),
W < 10 100 (W, x I,)
' RxExF| (100-F,)

= ——1-->< W=, +
100

W <1, )} ........... (3.6)

Iron (Fe) loss to slag with respect to total Fe input, (W,)
= (Total Fe input) x (Pct of Fe loss to slag)
= (Fe coming from cast iron scrap + Fe coming from composite pellets) x

(Percent of Fe loss to slag)

e e e
{Fe%—%OZ = Fe()] ......... Ba)
(56) (16) (72)
Since, weight of FeO form, Wy = —Z%x w, weenen(3.8)
Now, by substituting the Eq(3.7)in Eq (3.8), we get :
magx%[mxl}){mXF‘I;EXEH ........ (3.9)
Weight of oxygen require for oxidation of Fe loss to slag (O);
Since, O, = —;——%X w,

16 F W.xF xF,xF 16
0;"—“%*}0"4{(”’:”:){ 2 ‘104 2 3)}:—2-st ..... (3.10)
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Si0, balance
S10; input = Si0, output
=> (8i0; in terms of Si present in cast iron scrap + SiO; present in iron ore of composite
pellets + SiO, present in lime of composite pellets + SiO; present in coal ash of
composite pellets) = (8iO; in terms of Si in hot metal produced + SiO, goes to slag)
..(3.11)
_VV___I_(@}JFF XL XL WoxCxdxdy W, (gq% 6
100 128 100x 100 100x100 100x100x 100 100 28
[si +0,=si0,1 (35)
(28) (32) (60).

Since, 28 kg of Si forms 60 kg of SiO,

. [Kﬁ‘_{_) Kg of Si forms (gg 7 x 1, )) Kg of SiO,

100 100
Therefore, weight of SiO, goes to slag (W, ) :
60 W, (C,x 4, x 4))
= W, xI, - W, x1I + FExE)+(L xL)+——2—=2=1 . 312
s 28x102( 4) (( x F)+ (L x Ly) 160 (3:12)
Now, weight of Si0, form due to oxidation of Si (¥)):
60
Y = wxlL,-w,x1, L. 3.13
kT —( ) (3.13)

Weight of oxygen require for oxidation of silicon (O,):

32

aexier BTN

2‘_:

MnO balance
MnO input = MnO output

= (MnO in terms of Mn present in cast iron scrap + MnO present in iroﬁ ore of
composite pellets + MnO present in coal-ash of composite pellets) = (MnO in terms

of Mn present in hot metalproduced + MnO goes to slag) vereerneneees (3.15)
W, x I (’7’1)+W2><Fl x F, +W2><C,><A,><A3 W x I [ﬂ]*‘W
7

100 {55) 100x100  100x100x100 100 \ 55

{Mn +%02 = MnO] ............ (3¢)

(55) (16) (71)



Therefore, weight of MnO goes to slag (W,):

A xA
W, = 71 Pl WxI)+W Y L L) (3.16)
55% 10* 100
Weight of MnO form due to oxidation of Mn (Y3):
o
W, x 1 -W,x1,) 3.17
Weight of oxygen require for oxidation of manganese (O3):
16
WixI,-W,xI)y e 3.18
3= 55 102 ( 3 6) ( )
P,0s5 balance

P,0s input = P,0s output
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= (P,05in terms of phosphorous present in cast iron scrap + P,Os present in iron ore of

composite pellets + P,Os present in coal-ash of composite pellets) = (P,Os in terms

of phosphorous present in hot metal produced + P,Os goes to slag)  .......(3.19)

T'le—;(gfg}+ﬂéxfixf‘3+%x€1xA;xA fo(m)w
100 \ 62 100x 100 100x100x100 100 \ 62 i

[21%%02 = 1’205} L e (34)

(62) (80) (142)
Therefore, weight of F,O; goes to slag (;):
142
"7 62x10°

C,xAle4

—— (W, =1, - Wx1)+ (FXF
100

] ............... (3.20)
Weight of P,Os form due to oxidation of phosphorous (Y3):

142

BT U /2 1 R —— 3.21)

Weight of oxygen require for oxidation of phosphorous (O4):

80
WixL~-W,xI) 3.22
* T 62x 102( <) (3:22)
CaO balance

CaO input = CaO output
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=>(CaO present in lime of composite pellets + CaO present in coal-ash of composite

pellets) = (CaO goes to slag + Loss of CaO in the form of CaS to slag) .......(3.23)

W,xL xL, +I’szC,xAle5
100x100 100x100x100
Therefore, weight of CaO goes toslag (W,):

:(W9 + Wm)

W, C, x 4, x A
%:ﬁ%(L‘XL3+W)~m‘S ............. (324)
AbLO; balance

Al,O; input = AL,Os output
=> (Al,O; present in iron ore of composite pellets + Al,O; present in coal-ash of

composite pellets + AL,O3 present in lime of composite pellets) = (Al,O3 goes to slag)

.......... (3.25)
W, x F, x F N W, xC,x A x 4 +WZ><L1><L4 B
100x100  100x100x100 ~ 100x100
Therefore, weight of Al,O, goes to slag to (W,,):
W, CixA x4 ‘
mozﬁ%(ﬁxﬁé+~‘—u~i+gx@} .............. (3.26)

MgO balance
MgO input = MgO output
= (MgO present in coal-ash of composite pellets + MgO present in lime of composite
pellets) = MgO goestoslagy ... (3.27
W, xC, x4, x4, +WZXZ‘1 x Ly _
100x100x100 ~ 100x100 "
Therefore, weight of MgO goes to slag(W,,):

W[ Cx4 x4,
10* 100

i

+L x LSJ ............... (3.28)

Carbon balance
Carbon input = Carbon output
=>(Carbon coming from coal in composite pellets + Carbon coming from cast iron scrap)

= (Carbon present in hot metal produced + Carbon converted into CO and CO, gases)
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W, xC x I +W1XI9 _Wixl,
100x 100 100 100
Therefore, weight of carbon converted into CO and CO, gases (W_.):

+W,

1 (W, xC,xF,
C=i-66(—2——16‘6——9—+mx19~ W3xlmJ .............. (3.30)
4s [C+%02 = CO] ermmnnennsnnend(3€)

12y ae6) (28)

Assuming that 90 pet carbon converts into CO gas and remaining 10 pct into CO; gas, the
weight of CO gas form after reduction of iron oxide present in composite pellets (W2):
28

W, = D) xW.,x090 e (3.3})
Weight of oxygen require for CO gas formation (Os):
16
O.=—xW.x0% . 3.32
12 e (3:32)
As[c+o0,=Cco) €72

(12) (32) (44
Weight of CO, gas form (W3):

W, =ﬁchx 010 e (3.33)
12
Weight of oxygen require for CO, gas formation (Os):
0, =l;’—§—x w.x010 (3.34)

Oxygen balance v
Oxygen input = Oxygen output

= {Oxygen coming from iron ore present in composite pellets + Oxygen requires from
atmosphere for oxidation of elements) = (Oxygen consumes for formation of FeO,

Si0,, MnO and P,0s5+ Oxygen consumes for formation of CO and CO, gases)
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As {Fez(}S ——)2Fe+§2-02} ............ (3g)
(160) (112) (48)
Oxygen coming from iron ore present in composite pellets (O7):

0,=(Toxfixfy), 48 T (3.36)
100x100 ) 160

Now, Oxygen require from atmosphere for oxidation of elements (Og):

=> Og= (Oxygen consumes for formation of FeO, Si0,;, MnO and P,O5+ Oxygen
consumes ’for formation of CO and CO, gases) — (Oxygen coming from iron ore
present in ’composite pellets)

= O0g=[(01+ 02+ 03+ 04 + 05 + O ) - O7] ceeeenee(3.37)

Sulphur balance
Sulphur input = Sulphur output
=> (Sulphur coming from cast iron scrap + Sulphur coming from coal-ash present in the

form of SO; in composite pellets) = (Sulphur present in hot metal produced + Sulphur

goestoslagy ... (3.38)
S+»0,=850, . (3h)

(32) (48) (80)

—_ WlX]n)_}_(i%)x WyxCix A x4\ _(W,x1, +W,
100 80 100x100x100 100

Therefore, weight of sulphur goes to slag(W,,):

1 w, (32
W, =1_(.).2.(m x 1, —~ Wyx I, )+ i—ézﬁ—x(éa)x(cle,xAs) ............. (3.39)

As[CaO+S8—CaS+%20,] (3i)
(56) (32) (72)
Amount of CaS form due to reaction of sulphur with CaO (W;s):
72

W, =—3—2~>< W, (3.40)
Amount of CaO that converts into CaS (W¢):
56

Wo=toxWs e (3.41)
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Other balances
Amount of other oxides except SiO,, MnO, FeO, Al;O; and P,O5 coming from iron

ore present in composite pellets (Wy7):

A e (3.42)
100x100
Amount of FeO (W3) that goes to slag due to presence of Fe;0; in coal-ash:
As [Fe+Fe,0,—>3Fe0] .. (34)
(56) (160) (216)
= 20 [ TaxCx A x 4 RN (%)
160 100x100%x 100

Amount of dextrose present in composite pellets (Wo):
W, x F,
We=|—2=2| 3.44
S (344)

Amount of volatile matters present in coal of composite pellets (Wag):

7

w,
A L L (3.45)
100100

Amount of moisture present in coal of composite pellets (W)

w,=|xCaxb ) (3.46)
100x100

Weight of slag produced (Wp):

W22 = (W5+ W6+ W;+ W8+ W9+ W]o‘*‘ W]] + W]5+ W17+ ng) (347)
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3.4 Steichiometric Coal Requirement for Reduction of Iron Oxides

Fey;03+3C=2Fe+3CO veeeea(3.48)
(160) (36) (112) (84)
Since, reduction of 160 kg of Fe,Oj; requires 36 kg of carbon

. Reduction of W kg of Fe,O, requires (i%%x W) kg of carbon ............ (3.49)
. K,
Since, W =Wyx—* (3.50)
100 .
160
and, F, =—xF, 3.51
o2 @31
From Eq (3.49) to (3.51), we get:
W= 35 160 Fo
160 112100
36
= e xWox F, e 3.52
112x100  ° 7" 6.52)
Since, Fs kg of carbon is present in 100 kg of coal
36 F
(—-—~§-—6———x W,x F, Jkg of carbon will be present in 100> 36> Wy x £, kg of coal
112x100 F, x112x100
0.3214 /4
=( 321 ;W" X "’J kg ofcoal. ... (3.53)
9

Alternatively, it means that

0.3214x W,
[ XF o xFig ] kg of coal is required for the reduction of W, kg of iron ore
9
Here, ( Co J = 0.3214
Fe,, stoichiometric ratio

Fe ot

If

=r
fix
The amount of coal required for reduction of W, kg of iron ore in composite pellet (W, ):

W
Poxse (3.54)

er9

coal



99
3.5 Measurement of Degree of Reduction

The degree of reduction can be obtained through single measurement of weight loss when
a gaseous reductant is used. For reduction of iron oxides by carbon, the degree of
reduction can not be found out directly from the weight loss of the sample, since this is
made up of both oxygen and carbon losses. It is not possible to delineate the two unless
the released gases are analyzed and their volumes are measured. Accordingly, such
reactions have been studied with the help of gas chromatograph attach with the reduction
chamber. Even this method runs into trouble when coal is used in place of carbon.
Alternatively, the reaction product can be chemically analyzed after each test run, but this
procedure is time consuming, more expensive and would give only intermittent

information.

For ore-coal composite pellets, the weight loss of the sample arises not only from oxygen
and carbon loss, but also the loss of volatile matters and residual moisture present in
pellets [8]. Since only weight loss of the sample is not sufficient, some additional
measurements are required for estimating the degree of reduction (& ), which is defined

as follows.

weight of oxygen removed from iron oxide <100

o=
total weight of remvable oxygen present in iron oxides
_ AW,

x100 (3.55)

i

0

3.5.1 Review of methods for measurement of degree of reduction in composite

pellets

For determining the degree of reduction for carbothermic reduction, research workers
have employed various techniques. Most of the investigations have employed carbon,
such as graphite, coconut char and coal char as reductant. In these cases, the product gas
consists of CO and CO, only and its analysis is straight forward. However, that would not
be the case if coal is used, because the other gases such as H,, CH; etc would also be

present.
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Reeve et al [157] determined the rates of reduction of the composite pellet with iron
oxide and char or coke. The progress of reaction was monitored by the increase in
pressure within the constant volume system as measured by 0 to 760 mm absolute
pressure transducer connected to a side arm in the cold part of the system. No information

is available about the method of calculation of degree of reduction.

Srinivasan and Lahiri [158] mixed powders of natural hematite and graphite and prepared
pelleté by hand for reduction studies. They measured the progress of reduction with time
by noting the weight changes in the pellet and product gas analysis. The amount of CO,
absorbed in a given time interval was determined from the increase in weights of the
absorption tubes. The amount of CO present in the out coming gas stream was
determined from the weight change and CO, absorption data. At any instant, the degree

of reduction was evaluated from the above data.

Shrivastava and Sharma [159] prepared a core pellet from the mixture of iron ore and
coal and further coated it with the iron ore only. They determined the degree of reduction
by using Eq. (3.55). Loss in weight due to carbon loés was calculated by estimating
remaining carbon content in reduced pellet after each reduction. It was not clear how it

was done. Oxygen loss was calculated by subtraction of other losses.

Dey et al [160] studied the reduction characteristics of hematite-noncoking coal
composite pellets (size of fines from 40 to 80 um, 10 mm pellets), and they found that
reduction follows mixed kinetic laws which are dependent on temperature as well as on
the degree of reduction. The data for 1173 K and 1223 K are fitted well by Jander’s
model. At 1273 K and above, and for a values less than 0.5, the data are fitted by a
parabolic model (& ~ £°), and for & values greater than 0.5, the data are fitted by Jander’s

model.

Prakash [150] carried out non-isothermal kinetic studies on reduction of iron ore-coal
mixture under increasing temperature conditions up to 1273 K at 15 K min™". No external
gas was used and the samples were allowed to establish their own atmosphere.
Simultaneous thermal analysis plots showed step wise reduction of iron ore (coupled with

oxidation of coal) and a change of reaction mechanism at about 973 K. In the case of
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thermal analysis data the degree of reduction (& ) was expressed in terms.of a pseu(}o'} :
kinetic parameter, the fraction of reaction (f3), defined as: A

Jr = (weight loss at time t) / (maximum possible weight loss) ... (3.56)W’

Dutta and Ghosh [27] employed non-isothermal method to determine the degree of
reduction for iron ore-coal composite pellet. They passed argon at known flow rate
through the reaction chamber containing composite pellet and then to analyze the
composition of exit gas by gas chromatograph at several interval of time. In another
method, further reduction of the partially reduced composite pellet was carried out by
hydrogen in a thermogravimetric set-up. This allowed measurement of residual oxygen of
iron oxide present in the partially reduced composite pellet and thus determination of

degree of reduction.
The degree of reduction, a= (AWO /W, ) x100 ... (3.57)
Where, AW, = weight of oxygen removed from iron oxide
W, = total initial weight of oxygen present in iron oxide

i) Rate of oxygen loss (W, in g.s”') associated with evolution of CO and CO, was given

as

W ( 160

o 22400)X(X wt2Xe0) (3.58)

3 .-t

Where, Q = total gas flow rate at the exit, cm’.s”

Xi = volume fraction of species i (CO, CO,, CH, and H>).

%

By graphical integration of W, as function of time, total oxygen loss from iron oxide

(AW, in g) due to evolution of CO and CO; can be estimated as:

AW, = J;W; dr Where, t is the time in second.

i) From Eq. (3.57); the degree of reduction can also be calculated after hydrogen

tfreatment,

AW, W - AW
a:(__;g]xloo:(——‘l-%ﬁm}loo .............. (3.59)

Q. o
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Where, AW} = total oxygen loss during hydrogen reduction.

Hence, from oxygen loss data of hydrogen reduction of reduced pellets and total initial
oxygen of composite pellet before non-isothermal / isothermal reduction, the degree of

reduction can be calculated using Eq. (3.59).

Agrawal et al [161] prepared composite pellets of iron ore and coal using dextrine as
binder. They used fraction of reaction (fz) to study the extent of reaction of ore-coal
composites. Isothermal reduction tests were performed at 1223 to 1373 K for 5 to 60

minutes. Reduced pellets were analyzed for fraction of reduction ‘F’ values, whereas ‘f’ |
values were obtained from weight loss measurements. Fraction of reaction (fz) is defined
as the ratio of weight loss of reacting mixture to the maximum possible weight loss
(MPWL). This MPWL could be either the theoretically determined weight loss or an
experimentally determined value. Based on the definitions of ‘F’ and ‘fz’, a theoretical
relationship between these two parameters was established [162]. The relationship can be

expressed as:

F=fyx|1+ K, xC _ Weight loss fromcoal
K x K K,F,

Where, F = fraction of reduction, fz = fraction of reaction, K; = Pct oxygen in ore, K; =
Pct (moisture + volatile matter + fixed carbon) in coal, F; = Pct ore in the pellet, and C; =

Pct coal in the pellet.

El-Geassy et al [46] prepared iron ore-fuel oil composite pellets containing 5 to 15 pct
fuel oil as a binder and reducing material. These composite pellets were isothermally and
non-isothermally reduced at 1023 t01273 K in a flow of H, and N, gases. The total
weight loss resulting from oxygen removal from the reduction of Fe,O3; and from the
thermal decomposition of fuel oil was continuously recorded as a function of time at
different reduction conditions. The actual reduction extent at a given time was calculated

from the chemical analysis of partially reduced samples at a given time and temperature.

Santos and Mourao [48] studied the reaction between iron oxides and carbon at
temperature higher than 1473 K employing solid carbon or carbon dissolved in liquid

iron as reductant. Iron oxides-carbon composite pellets were submitted for
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thermogravimetric analysis under inert gas in the range of 1473 to 1623 K. The fraction

of reaction (fg) was calculated by employing the expression,

Where, W; = initial weight of pellet
W,= weight of pellet at time t
AWy = maximum weight loss attained by the pellet

Mourao et al [163] studied the kinetics of the carbothermic reduction of iron oxides using
different materials (iron ore-charcoal composite pellets and iron- ore-coke composite
pellets) in the temperature range 1173 to 1373 K under argon and C/Fe,O; ratio of 3. The
main experimental technique employed was thermogravimetry in which the weight of the
sample was registered as a function of time. Both isothermal as well as non-isothermal
reduction studies were carried out and the parameter employed in the kinetic analysis was
the reacted fraction (F), defined as:

= AA;/K _ ;;?:;;; ............ (3.62)

max

F

Where, Wy = initial weight of the sample
W, = weight of sarple at time t

We= final weight of the sample attained in the experiment

Yang et al [164] pfei;ared hematite-graphite composite pellets using a cold isostatic press
and studied the carbothermic reduction of hematite in hematite-graphite composite pellets
in an induction heating furnace at temperatures of 1373 to 1673 K. By use of the
isothermal reduction method, effects of temperature, carrier éas flow rate and graphite
particle size on the carbothermic reduction rate of hematite were investigated
experimentally. A high frequency induction furnace (15 kW, 100 kHz) was used to heat a
graphite crucible in which a high temperature isothermal zone was maintained. The
reduction was greatly promoted because the contact area between the graphite and the
iron oxide particles was remarkably increased and the heat conduction was greatly

enhanced. Since increasing temperature can greatly activate the indirect reduction and the
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carbon solution loss reaction, the carbothermic reduction of hematite was greatly

promoted.

With the assumption that the total amount of reduction of iron oxides by CO is equal to

the amount of the carbon solution loss reaction, the overall reduction can be expressed as:

Fe, 03 +3C=Fe+3CO  ........... (3.63)

Since the molar ratio of Fe,0; to C in the hematite-graphite composite pellets is 1: 3, the
reduction degree (« ) can be defined as the ratio of the pellet mass loss to the theoretical
pellet mass loss on the assumption that the reaction (3.63) is completed. Thus the
reduction degree (& ) can be given as follows: 4

W, —W,)x100 _
a= Wo-Wp)-10 (3.64)

MFe203 +3M

Where, Wy = weight of pellet before reduction (g)

Wr=weight of pellet after reduction (g)

M; = molecular weight of species i/ (g/mol)

Chowdhury et al [165] developed a semi-empirical model to determine the course of
reduction of iron ore-graphite composite pellets over time in a laboratory scale side
heated packed bed reactor attached with a tailor made bottom hanging thermogravimetric
set-up. The particle size of less than 150 pm for both the ore and graphite powders were:
selected for the preparation of the composite pellets. The degree of reduction was
estimated through weight loss and corresponding gas analysis. Assuming no CO in the
exit gas, and neglecting any volatile loss, the degree of reduction (« ) may be calculated

by using the following relationship:

Where, W, is the weight loss during reduction, W}, is the weight of hematite in the pellet

and £, is the fraction of oxygen in hematite.

However, by knowing the exit gas composition, the degree of reduction may be

calculated more accurately. If the volumetric ratio of CO/CO; in the exit gas is Z, the
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atomic ratio of oxygen/carbon (O/C) in the exit gas may be expressed in terms of Z as
follows:

o_2%z+2 (3.66)
C Z+1

The weight ratio of oxygen/carbon (Wy/Wc) can also be expressed in terms of outgoing
gas composition Z as follows:

Wo _Z+2 16 _4Z+8
W, Z+1 12 3Z+3

and

Wo  4Z+8
Wo+W, 7Z+11

Then the degree of reduction () can be represented more precisely as

W, +W, d r
- o < xlOO:-——?—Z—f—I-l————xlOO

[ xW, [, xW,
o h 0 &

a=~02 €L 100= 200 4100 ... (3.69)

Wang et al [43] calculated the degree of reduction (& ) for iron ore-coal pellet as follows:

o= Total oxygen loss from iron oxides <100

Total removable oxygen present in iron oxides

_Am,

x100 (3.70)
m .

Total weight loss of a pellet (Amy, g), after reduction, is represented by
Amy = Amp+Am, +Am, 3B.7D)
Where, Am,= weight loss of volatiles in composite pellets, g
Am, = weight loss of oxygen in iron oxides, g
Am, = weight loss of carbon in composite pellets, g
Again, Am, =mxf, . (3.72)
Where, f, = factor of devolatilization for iron ore-coal pellet
m = initial weight of composite pellets, g
Suppose that the final reactive result of reduction of iron oxides by carbon can be treated

as a non-elementary homogeneous reaction:



106

Fex0y+ C = FexOy..l +CO .......-.(3.73)
12 3
Therefore, Am, = 6 x Am, :Z xAm, (3.74)

Now, Eq. (3.72) and (3.74) are substituted in Eq. (3.71) giving
Am, = (% £) +(m,)+ Cx Am,)
= {mx fv)+(£-x Am,)
S Am, = g—[Am, -mxf) e (3.75)

Now, Eq. (3.75) is substituted in Eq. (3.70) giving

4
Tm

(]

a= [Am, —(mx f)]x100 ... (3.76)

Eq. (3.76) is the original equation developed by Wang et al to calculate the degree of

reduction (@ ) for iron ore-coal pellet.
Now, this equation is further modified by the author by incorporating the following. ‘

Total removable oxygen present in iron oxide can be calculated as:
m, =mxf .xp xf . (3:77)
Where, for. = fraction of ore in composite pellets
Jo = fraction of oxygen in iron oxides
Pore = purity of iron oxide

m = initial weight of the composite pellets, g

Now, f, can be calculated as:

fo=fo* (3.78)

Where, f.ou = fraction of coal present in composite pellets

Jfvm = fraction of volatile matters in coal

The fractional weight loss (f;,) of a pellet is represented by

_ Total weight loss of composite pellets  Am,

fy=————— .. (3.79)

Initial weight of composite pellets - m

Where, f,;= fractional weight loss of pellet
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Am, = total weight loss of composite pellets, g

m = initial weight of composite pellets, g

Now, Eq. (3.77), (3.78) and (3.79) are substituted in Eq. (3.76) giving
a:_4_x (mxf;vl)—(mx»f;odxﬁm) XIOO
7 (mxf;rexporexf(;)

— 400 x l:f;vl — (f;oal Xfx'vm)]
7 (f;rexporexf;)

Eq. (3.76) takes into account of total release of volatiles in composite pellets while
calculating the degree of reduction. However, the release of volatiles from composite
pellet is gradual and occurs over a wide range of temperatures (523 to 1200 K).
Therefore, the values of the degree of reduction () calculated by Wang et al’s Eq.
(3.76) at temperatures below 1200 K turn out lower than the actual degree of reduction.
Further, non-isothermal reduction of composite pellets by thermal analyzer does not
provide continuous recording of separate release of volatiles. Considering the above, a
term £, is incorporated in Eq. (3.80) and hence, the modified equation of Wang et al is as
follows:

o = 400 x [:f;vl - (f;oal X f;m x f;’r ):I
7 (fore X Pure ¥ 1)

Where, f,, represents fraction of volatiles released at time t or at a particular temperature

during reduction. In present investigation, Eq. (3.81) is used to calculate the degree of

reduction of composite pellets.



