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Abstract

High quality lime is an essential raw material for Electric Arc Furnaces and Basic
Oxygen Furnaces, steelmaking, alumina production etc. Decrease in fuel consumption
in metallurgical furnaces is a tremendous opportunity for reduction of greenhouse gas
emissions into the atmosphere. In this paper, a mathematical model of calcination
process was studied. An analytical solution is obtained for the model. From the
numerical simulation, it is observed that the gas temperature increases as the activation
energy and Frank-Kamenetskii parameter increases. It is also observed that the
material temperature decreases with increase in activation energy while it is increases
with increasein Frank-Kamenetskii parameter.
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1.0 Introduction

The thermo-chemical processes, occurring in shaft furnacdsigbrquality metallurgical lime
production are highly energy intensive and very complicated. dredes design incorporate such major
interdependent processes as fuel combustion, gas and materazhemiy heat and mass transfer and
physico-chemical transformation of the burden materials. The tatope of the calcination zone of the
shaft furnace for the production of high quality metallurgiiraé is limited to the range 1200 — 1300

[1].

Fuel combustion and limestone calcination are the major procedseh, determine the amount
of greenhouse gases MG, SG and toxic CO emitted from the shaft furnace into the atmasphe
Therefore decrease of the fuel rate is very importanonigtfrom economics point of view, but also for
the protection of the environment.

The majority of shaft furnaces for limestone calcinatiperate with counter-current flows of
burden materials and gases (Boynton [1], Terruzzi [5], TabunshR@angd Monastirev and Aleksandrov
[3]). The furnace incorporates three technological zones: piepeatlcination and cooling (from top to
bottom).

Gordon et al [2] developed the multi-dimensional mathematical ntodeptimize the furnace
design and the process parameters. The developed mathematical model belongs t
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group of essentially non-linear models. According to them, it ispossible to develop an analytical
solution of the problem. The finite element method was used tadpr@vsolution. They showed that
material and gas temperatures are almost constant alongeidi® of the calcinations zone. These
temperatures, they said, are favorable for formation of high qualiti tioie.

In this paper we extend the problem posed by Gordon et al. [2] to Arshiesat generation and
chemical reaction. We provide an analytical solution of the prmabWWe also investigate the effects of
activation energy and Frank-Kamenetskii parameters on the gas avdhhtamperatures.

2.0  Mathematical model
Following [2], the governing equations describing the calcinationepsds given by the
following equation of heat exchange:

For material:p,,(1- £)C, dT, =-aq, (Tg —Tm)+ g, + QAex -E (2.1)
dt RT,
For gas: 0,&C dLIO' (T -T )+q +QAex - E (2.2)
' % e M RT, '

satisfying the initial conditions

T.0)=T,, T,(0) =T, (2.3)
where p is the density E is the activation energyR is the gas constantj is the heat sourceg, is the
heat transfer coefficient; is the heat capacity is the porosity,T is the temperaturd, is the time,Q
is the heat of reaction an8 is the pre-exponential factog is the gas andn is the material.
2.1 Non-dimensionalisation analysis
Let 0=%(Tg _To)- Y= R-El-oz (Tm _To)- t' :£- 0= RI-_:rO
Using the dimensionless variables (2.4) in (2.1) and (2.2), we obtatfirttemsionless equations (after
dropping of prime) as

(2.4)

dé _ B
E_al(e ¢)+181+O_18XF(1+DHJ (2.5)
do _ _ _ 0
E‘ 0’2(9 (0)+ﬁ2 +9, EXF{HDHJ (2.6)
6(0)=0, g0)=0 2.7)
ar
where,q, = ——,
QSCQ
q,7
'81 = A’
OT,0,€C,
QAexp{— RETJ
0, = %~ is the Frank-Kamenetskii parameter, = L,
D TOlog ‘ECg lom (1_ E)Cm
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E
Aexp ———
qmr 5 Q '{ RTO]

b= o1 o -6, % T DT li-€)C,

is the Frank-Kamenetskii parameter

3.0  Method of solution
We consider the following asymptotic expansion of temperafuaed ¢ in []. Let

a, =0(0)

a,=0Oa,+[Fa, +...
a,=0a,+F a, +...
B =0B+F B +..
B, =0B,+[F G, +...

f=6,+06 +hot

(3.1)
p=@+0¢g +hot
and equate the powersdf we have
°: d—ét?o = g, expl6,) (3.2)
dd—gf‘) =g, expl6,) (3.3)
.. dé, . .
O E =a, (90 _%)+/81 +0,6, exdeo) (3.4)
dg _ . N
E =4 (90 - %) + B, + 0,6, exdeo) (3.5)

The solution of temperaturés and ¢ is obtained as

Journal of the Nigerian Association of Mathematical Physics Volume 14 (May, 2009) 381 - 388
Modelling of calcination process, R.O. Olayiwola, AT. Cole, D. Hakimi and R.O. Ayeni J of NAMP



1
a,Inf -
( té_l—lj 1 la,

6(t)=1In| - L _— O 1 ——alt+__+1510'1t2+
( 1} to, -1 2 o, 2 40,
st-1
)
1510'1“‘] - L tz_alln - L t+iala_2|n(ta_1_l)t2+£a'152|n(:51_1)
2 to, -1 to, - 2 2 o
_laldztz +10162t _laléz _alézln(tél_l)t _llaldzmz_'_ |0'15277t
4 26 49 5 2 ]
1 la,\o, +210,m-0.
SOAL - At- o e Z)D (3.6)
1

(D(t):_dzln(tdl—l)+ld'2ﬂ+m _a0, _3adt 3aot 1 ad;
3, 3, & 495 43 40(5-1)

o,a,In| - t
1adf (o, -1k 14,57 In(ts,-1) 1 " ( tdl—lj L0 _1ad]
2 & 2 5 2 3, 5 2
azt—azln(— 1 jt_gazﬁlt_g 9f  Lag, a0, (o -]
to,-1) 2 38 20/(5-1) 2 & )
1
a,In| -
A + ( t51—1J+a'252_a’252|n(t51—1)[+|025277't
46 (ta,-1) 5 5 3 5
1
1Ia'lé'zzﬂ’[ 152a1|n(_t5—1j
2 t - + Bt -
5 2 o;
11

= (- 40,6,0, - 30,52 + 210,52 71+ 40,57 + 26, 8,5, +30,5,0, + A a,5,7,))
1

The results presented in figures 4.1 to 4.6 demonstrate the effexdtivation energy and Frank-
Kamenetskii parameters on the gas temperature and material atimpe@rofile.

4.0 Result and discussion
Figures 4.1-4.3 show the gas temperature profiles against fiomedifferent values of
activation energy ] and Frank-Kamenetskii parameteds and J,. Figures 4.4-4.6 show the material
temperature profiles against time t for differentues of activation energyl and Frank-Kamenetskii
parameters), andd,.
Figure 4.1 displays the gas temperature profile for th#ferent values of [0 at
o, = 04, 6, = 03. Itis shown that the gas temperature increases as the activatigy iecegases.
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From the practical point of view, maintaining a high tempeeabf calcinations increases the
furnace productivity. This temperature is favorable for formatidmgti quality quick lime.
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Figure 4.1: Gas temperature profif against for various values c[]
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Figure 4.2 Gas temperature profi@ againstt for various viues ofé,
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Figure 4.3 Gas temperature profi@ againstt for various values o,
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Figure 4.4 Material temperature profilp against for various values c[]

Figure 4.2 reveals the gas temperature profile at a fixed001 o, = 0.3 for varying values 0®, . It

is shown that the gas temperature increases as the Frankwakienumber increases. This is as result
of increase in heat of reaction.
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Figure 4.5 Material temperature profild againstt for verious values 0d;
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Figure 4.6 Material temperature profild againstt for various values ¢d,
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Figure 4.3 displays the gas temperature profile for the diffesdues o®, atd, = 0.4,L1 = 0.01.
It is shown that the gas temperature does not change much wihsadn Frank-Kamenetskii number.

This shows that the Frank-Kamenetskii parameétgrdoes not have much effect on the eqution of heat
exchange for gas.
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Figure 4.4 displays the material temperature profile foe different values ofl] at
0, =04, 6,=03. It is shown that the material temperature increasesha@sattivation energy
decreases. This temperature is also favorable for formatiogloiality quick lime.

Figure 4,5 reveals the material temperature profile fatedl [1= 001 J, = 0.3 for varying

values of J;. It is shown that the material temperature increases a§rtr&k-Kamenetskii number

increases. This is as result of increase in heat ofioeaahd that the Frank-Kamenetskii parameder
have much effect on the equation of heat exchange for material.
Figure 4.6 displays the material temperature profile for difeerent values of d, at

0, = 04, = 001. It is shown that the material temperature increas#zeasrank-Kamenetskii number
increases. This is as result of increase in heat of reactio

5.0 Conclusion

Mathematical model of calcination process was studied. Arnytiagadlsolution is obtained for the
model. The effect of activation energy and Frank-Kamenetskingeas on the material temperature
profile and gas temperature profile was investigated. In [2]miierial and gas temperatures are almost
constant along the height of the calcination zone. But, in our stuglynéterial and gas temperatures
increase as the Frank-Kameneskii number increases. Alse astihation energy increases the material
temperature decreases and the gas temperature increases.
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