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Abstract

Sintering is a process where iron ore fines are agglomerated in the form of sinter cake by partial fusion in presence of
fuel and flux. During sintering, the sinter bed is ignited from the top and the flame-front/fire-line is drawn through the bed
under the action moving air. Estimation of the speed of flame-front progress through the sinter bed is of importance be-
cause efficiency of the sinter strand depends on the knowledge when the fire-line reaches just at the bottom of the bed. In
the present article, a mathematical model of iron ore sintering process in a fixed sinter bed has been described, where
Genetic algorithm has been used in conjunction with the process model for selecting the optimized process parameters.
Presence of moisture influence the temperature profile significantly, because evaporation and condensation of moisture
have effects both on the heat effects, and more importantly on the gas flow rate through the bed. The present article is
a modification over the existing model of the present authors, where the effects of moisture condensation and evaporation
have been introduced in the sinter model to account for the moisture effects explicitly. The results from this modified
model clearly indicate marked improvement in the model predictions when the effect of moisture evaporation and con-

densation are taken into consideration.
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1. INTRODUCTION

Sintering is a process where iron ore fines are
converted into an agglomerated mass for charging
into Blast Furnace. During sintering process, iron
ore fines, along with coke breeze, limestone/lime, is
granulated in presence of moisture in a rotary drum
followed by sintering on a moving sinter strand. The
sinter strand is ignited from the top and hot air is
sucked through the bed. The fuel burns at a certain
depth at certain time leading to a high temperature
(~1300°C) at combustion zone (also called flame-
front/fire-line) that leads to stronger bonds between
the particles through the formation of glass/ferrites
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(Biswas, 1981). The fire-line moves down through
the bed with time or along the length of the sinter
strand. During sintering, the fire-line should end just
at the bottom of the bed at the exit end of the sinter
strand for optimum process efficiency. The arrival of
the fire-line at the bottom of the bed is indicated by
the peak temperature in the wind box, known as the
burn through point (BTP). An early arrival of BTP
in the strand causes loss in productivity, while non-
arrival of BTP at the exit end produces return sin-
ters. Therefore, it is essential to correlate the dynam-
ic position of the flame-front with the sintering pa-
rameters, like moisture, size and content of coke
breeze, composition and blending of iron ores, etc.
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In this regard, mathematical modelling can be an
invaluable tool for analysing, controlling and opti-
mising a complex process. Several transport phe-
nomena based models have been reported in the
literature, which have been summarised elsewhere
(Venkataramana et al., 1998). In reported literature,
even with very comprehensive models, deviations in
temperature predictions are significant, especially on
the cooling side. This is possibly due to the fact that
the thermo-physical properties change significantly
across the fire line because of marked change of the
phase constituents across the fire line, which has not
been considered in these models. As a first step to-
wards this goal, Giri and Roy (2011) has already
made an initial foundation of this model where pro-
cess parameters above and below the fire-line have
been tuned using a heuristic optimisation tool, genet-
ic algorithm (GA). They started with simpler process
model by considering only two major phenomena
like gas-solid heat exchange and carbon combustion
equation to predict the movement of fire line in a
batch sintering machine. In the present study effect
of moisture in the form of moisture evaporation and
condensation has also been added in the phenomeno-
logical model to account for the effect of moisture
explicitly.

2. MATHEMATICAL MODEL

2.1. Sinter model

One-dimensional unsteady state heat and mass
transport is considered in the present model. This is
because the relevant gas properties such as tempera-
ture, velocity, concentrations of oxygen, carbon
dioxide and water vapour, hardly vary along the
transverse section of the bed. The properties associ-
ated with solids, such as temperature, weight frac-
tions of moisture, coke breeze, limestone and melt
and the apparent density of solids, change with time
(or along the length of the strand in case of a moving
sinter strand). The process is governed by the fol-
lowing set of equations (1)—(10).

Energy balance for gas phase:

or,
I’l’lgC :has(Ts_Tg)_{_RwAHw (1)

pg Oz
Energy balance for solids:
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Mass balance for gas:
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Mass balance for solids:
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Mass balance for carbon:

(5)
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Mass balance for moisture:

W __ R, ©)
ot

Rate equation for coke combustion:

R.=CA, exp( ;{l;c ] (7)

Rate equation for moisture evaporation (Xian-
chun et al., 2009)

-E
Ry =WA, exp( ERTWJ ®)

N

Rate equation for moisture condensation (Porter
& Easterling, 1992; McDonald, 1962)

- AG”
Ry =WA  ex 9
where,
. 167°T?
AGT = te (10)
3AHZAT

Initial Condition:

At the top surface, the temperature of the solid is
assumed at 1300°C, and the residual carbon is as-
sumed to be zero due to complete burning. The rest
of the solid bed is assumed at room temperature
initially. The gas enters from the top surface at am-
bient temperature.

2.2. Discretized energy balance equations

The discretized energy balance equations based
on explicit scheme for two major equations (1) and
(2) are given by equations (11) and (12), respective-
ly.
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Discretized energy balance for gas phase

T;,H—l = pal[lhi]j;l,i + I_Pal{lhi] T(g{,i + Pa4[
Mg iCpg mg i Cpe

Discretized energy balance for solid

I hdt | hdt ;
Ts,Jirl:Pa2 ] Tg,i+ I_Pa2 BV Ts,i+Pa3
ps,icps ps,icps

Rjy ;AH ,dt
-P, —
ps,icpg

There are four combined parameters to be opti-
mized and each of which are assigned tuning factors,
like pu1, Pa2. Pass Pas- Since the properties like heat
transfer coefficient, gas flow rate, specific heats,
bulk densities of solids will vary markedly above
and below the fire line, the first two parameters (p,,
P.) mentioned above are estimated for below and
above the fire-line. The rate parameters of carbon
combustion equation have been taken from literature
(Ashley & Pradeep, 1998) but the overall rate has
been adjusted using, p,;. The rate parameters of
evaporation and condensation have been taken from
the literature (Xianchun et al., 2009; McDonald,
1962) and the overall rate has been adjusted using
the adjustable factor p,4

2.3. Methodology

The sinter model with governing equations and
initial conditions are solved iteratively for all axial
positions and time (Patankar, 1980). The GA calls
this routine to calculate the fitness parameter for all
its individual members. The GA model creates
a population of individuals which are basically an
array of process parameters to be optimized (Deb,
2001). Every individual is initiated with random
values of parameters within their allowed range, all
of which are feasible. The sinter model is solved for
every individual and the predicted result is compared
with that of the experimental values. This compari-
son of the predicted and experimental results gives
the standard error which is used to define the fitness
value of each individual; least error gives the highest
fitness. The interaction of the two models occurs
every time when this individual from GA model is
passed to the sinter model and the error is sent from
the sinter model to the GA model. This interaction
of two models takes place for every individual in
every generation of the GA model. After each gen-
eration, GA population is subjected to selection,

Ry ;AH  dz

R.L,AH dt
/
ps,icps

mutation and crossover
which direct the whole
(11) population towards the
mlg ’icpg best solution in the search
space while diversity is
maintained through nich-
ing of the search space.
] The best individual of the
(12)  whole run is chosen to be
used as parameters in the
sinter model.

3. RESULTS

For the present study the experimental data have
been collected both from literature (Venkataramana
et al., 1998) and experiments performed in the la-
boratory at RDCIS, SAIL, Ranchi, India, the details
of which have been given in the authors’ earlier
publication (Giri & Roy, 2012). The optimized pa-
rameters obtained at different depths of the sinter
bed, with and without consideration of moisture
effects are tabulated in table 1.

Figure 1 shows the comparison of predicted
temperature with experimental data at 190 mm depth
(Giri & Roy, 2012) without considering the effect of
moisture evaporation and condensation in the model.
Figure 2 represents the similar curve while consider-
ing moisture evaporation and condensation. It is
clearly observed that prediction in figure 2 is far
better than prediction in figure 1. The deviations of
predicted temperature from experimental data in
case of figure 1, is towards initial and last stage of
cooling as well as maximum temperature attained
during heating. When evaporation is considered,
moisture in the gas increases during preheating of
solid that increases gas flow rate and the heat trans-
fer efficacy from gas to solid, leading to enhanced
solid temperature. This possibly explains better peak
temperature prediction by figure 2. It is also ob-
served that the temperature of the solid is under es-
timated during initial period of cooling in figure 1.
This may possibly due to neglecting moisture con-
densation in the model, where gas releases heat to
solid leading to condensation. Similarly, towards the
end, figure 1 also underestimates the temperature of
the solid.
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Table 1. Optimized parameters at different depths.

at 300 mm depth based on Venkataramana et al. \_ J
(1998) data, shown as open symbols.

Fig. 4. Comparison of predicted versus experimental data at
385 mm depth.

. Moisture Optimization Optimization parameter
Moisture content Consideration depth
P pa](bﬁ paZ(bﬁ pa](aﬁ PaZ(af) Pas Pas
6% Yes 190 mm 2.8191 5.4575 1.5206 3.5067 0.9166 0.3039
6% No 190 mm 2.0808 6.2519 1.7355 4.4235 0.8597
6.5% Yes 300 mm 2.4095 6.6277 1.2003 3.5068 0.4818 0.0275
6.5% No 300 mm 2.5197 9.9341 1.6689 4.6761 0.0479
7.5% Yes 385 mm 1.9992 2.6977 1.5275 2.2828 0.6313 4.86E-4
7.5% No 385 mm 3.0769 5.0697 1.5350 2.4504 0.5260
4 o Equrimental\ 4 O Experimental data ( R. Venkataramana, 1998)\
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Fig. 1. Comparison of Predicted versus Experimental data at
190 mm depth without considering moisture effect in the model. .
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It is clearly observed that our predictions while
considering the effect of moisture evaporation and
condensation (indicated by solid line) closely
matches with the experimental data.

Our prediction without considering moisture ef-
fect (indicated by dotted line) deviates from experi-
mental data during the initial stage of cooling. It is
also clear that both of our predictions are better than
the prediction reported by Venkataramana et al.
(1998), indicated by double lines. Similar plot is
shown in figure 4 where experimental data has been
taken from 385 mm depth and with initial moisture
content of 7.5%. Here also our model predictions
appear much better than predicted data reported in
literature.

4. CONCLUSION

A mathematical model has been developed to
predict the temperature profile in a fixed sinter bed.
The model parameters have been estimated by em-
ploying GA. The effects of moisture evaporation and
condensation have been taken into account in the
phenomenological model. A significant improve-
ment in the prediction of temperature profile has
been observed when these phenomena are taken into
consideration. This model can act as a potential tool
for prediction of fire line progress in industrial sinter
strand after tuning and mapping the optimized pa-
rameters against input parameters used there.

5. LIST OF SYMBOLS

dy Specific surface area of the sinter bed, m*/m’

A, frequency factor for carbon combustion rate equation,
1/sec

A, frequency factor for moisture evaporation/condensation,
1/sec

C concentration of coke in the bed, kg/m3

C, specific heat of sintering gas/solid, J/kg-k

E, activation energies for carbon combustion rate equation,

J/mol

gas-solid heat transfer co-efficient, W/m?-K

free energy change to form the critical nucleus for
condensation, J/mol

AH,  heat of combustion of coke, J/kg

AH,  latent heat of moisture evaporation/condensation, J/kg

mg mass flow density of gas, kg/m*-sec

=
Q

P,i b Parey  adjustable parameters below the fire line, (-)

P14 Pares  adjustable parameters after the fire line, (-)

Pg adjustable parameter associated with the rate of carbon
combustion, (-)

Py adjustable parameter associated with the rate of moisture
evaporation and condensation, (-)

R, rate of combustion of coke, kg/m®-sec

R, rate of moisture evaporation/condensation, kg/m*-sec
T temperature of gas/solid, K

Ty boiling temperature of water, K

AT degree of supercooling, K

t time, s

w Concentration of moisture in solid, kg/m3
p density, kg/m’

R Universal gas constant, J/mol-K

z bed height from the top surface, m

Y surface tension of water, J/m

Subscript

i depth level below the top surface

g gas phase

s solid phase

Superscript
l time level

REFERENCES

Biswas, A.K., 1981, Principles of Blast Furnace Ironmaking,
SBA Publication, Kolkata, India

Deb, K., 2001, Multiobjective Optimization Using Evolutionary
Algorithms, John Wiley & Sons, Chichester, UK.

Giri B.K., Roy, G.G., 2012, Mathematical Modelling of Iron
Ore Sintering Process using Genetic Algorithm, /ron-
making & Steelmaking, 39, 59-66

Ashley H.S., Pradeep AK., 1998, Estimation of kinetic rate
parameters for coal combustion from measurements of
the ignition temperature, Fuel, 77, 1051-1059

McDonald, J.E., 1962, Homogeneous Nucleation of Vapor
Condensation. 1. Thermodynamic Aspects, American J.
Phys., 30, 870-877

Patankar, S.V., 1980, Numerical heat transfer and fluid flow,
Hemisphere Publishing Corporation, New York.

Porter, D.A., Easterling, K.E., 1992, Phase Transformation in
Metals and Alloys, Chapman & Hall, London.

Venkataramana, R., Gupta, S.S., Kapur P.C., Ramchandran, N.,
1998, Mathematical Modelling and Simulation of the
Iron Ore Sintering Process, Tata Search, 50-54

Xianchun, L.I., Hui, S., Qi, W., Chatphol, M, Terry, W.,
Jianglong, Y.U., 2009, Experimental Study on drying
and moisture re-absorption Kinetics of an Indonesian
Low rank Coal, J. Environ Sci., 21, S127-S130

MATEMATYCZNE MODELOWANIE PROCESU
SPIEKANA RUDY ZELAZA PRZY WYKORZYSTANIU
ALGORYTMU GENETYCZNEGO: WPLYW
ODPAROWANIA I SKRAPLANIA WILGOCI
NA PROFIL TEMPERATURY

Streszczenie

Spiekanie jest procesem, w ktdrym rozdrobniona/oczysz-
czona ruda zelaza jest gromadzona w formie spieczonej bryty
w wyniku czgsciowej fuzji w obecnosci paliwa i topnika. Proces
spiekania wsadu rozpoczyna si¢ od gory, przy czym plomien
przemieszcza si¢ w dot w wyniku wymuszonego ruchu powie-
trza. Oszacowanie predkosdci poruszania si¢ plomienia w glab
wsadu jest istotne, poniewaz wydajno$¢ tasmy spiekalniczej
zalezy od momentu kiedy ptomien osiaga dno wsadu. W artyku-
le opisano matematyczny model procesu spiekania rudy zelaza
w ruszcie spiekalniczym. Ponadto zastosowano algorytm gene-
tyczny, ktory w polaczeniu z modelem procesu pozwala osza-
cowac optymalne parametry procesu spiekania. Obecno$¢ wil-
goci wplywa znaczaco na temperatur¢ spiekania, poniewaz
parowanie i skraplanie kontroluja zarowno temperature jak i, co
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najwazniejsze, szybkos$¢ przeptywu plomienia (gazu) w wsa-
dzie. Niniejsza praca jest modyfikacja opracowanego przez tych
samych autorow modelu, w ktérym skraplanie i odparowywanie
wilgoci wprowadzono do modelu spiekania by w sposob jawny
wytlumaczyé wpltyw wilgoci. Wyniki dla zmodyfikowanego
modelu wskazuja na znaczng poprawe przewidywan modelu
w przypadku, gdy uwzgledniane sa czynniki odparowywania
i skraplania wilgoci.
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