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Abstract 

An analysis of direct reduction process in the isothermal zone of a rotary kiln has been made. The 
analysis results in four simultaneous ordinary differential equations and one algebric equation relating the 
fraction of total oxygen remaining in iron ore, the fraction of total carbon gasified, partial pressures of 
carbonmonoxide, carbondioxide and nitrogen inside the charge bed as a function of time. 

The numerical solution of equations shows that upto 90% reduction, the rate of reduction is practically 
constant and it depends on the following parameters: size of ore particles, reactivity of solid fuel, the ratio 
of iron oxide to carbon in the charge and the fraction of reactor volume occupied by the charge. For a 
particular reactivity of solid fuel, particle size of ore and the fraction of reactor volume occupied by the 
charge, the production rate increases with the increase in the ratio of carbon to iron oxide in the charge 
till the latter reaches a critical value, when further increase of the ratio does not effect the production 
rate appreciably. This critical ratio of carbon to iron oxide in the charge increases with the decrease in 
the particle size of ore and with the increase in the reactivity of solid fuel but it is practically independent 
of fraction of reactor volume occupied by the charge. The analysis further shows that the production rate 
can be increased by increasing the amount of charge per unit reactor volume, using solid fuel of higher 
reactivity and by decreasing the particle size of iron ore. 

THE EXPERIMENTAL investigations on 
the direct reduction of iron ore by different 
grades of solid fuel in nitrogen atmospherei.z 
suggests that the reduction proceeds according 
to following chain of reactions: 

FenOin + mC = nFe + mCO (the starting re-
action) 

mCO + FenOm  = nFe + mCO2 (reduction by 
gas) 1(a) 

mCO2  + mC = 2mCO (gasification reaction) 1(b) 

Once a sufficient pressure of carbonmonoxide has 
been built up by the reaction (1), further re,  
duction takes place by the reaction 1(a) follow-
ed by the generation of carbonoxide by 1(b) 
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Let the fluxes of carbonmonoxide and carbondioxide 

be related by the expression 
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where x is an unknown quantity. 
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Assuming that the flux of nitrogen is zero (this 

assumption is rig6Trously valid only in the steady state) it 

follows from equations (6) and (7), 
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and the overall rate of reduction was found to 
be primarily dependent on the rate of reaction 
1(b). On the other hand, from the experimental 
results on the reaction between the mixtures 
of finely powdered graphite and hematite under 
vacuum of 5 x 104  torr. Yen3 concluded that 
the rate of reduction is determined by the diffu-
sion of iron ions in the oxide phase. Moreover, 
the reduction rate observed by Yen was much 
less compared to that observed by Baldwin 1  
and Kohi2. 

Remembering that at a total pressure of 
5 x 104  Torr the rate of reaction 1(b) which is 
proportional to the concentration of carbondi,  

oxide; is extremely low, it can be concluded 
that for the industrial processes of direct reduc-
tion the mechanism suggested by Yen is of 
little importance. 

In the rotary kiln where the charge contain-
ing iron ore and solid fuel is exposed to an at-
mosphere of carbondioxide and nitrogen, the 
reduction must be taking place in the following 
sequence: (i) the formation of carbonmonoxide 
according to reaction 1(b) followed by (ii) the 
reduction of iron oxide by carbonmonoxide, 
reaction 1(a). Bassed on the above mentioned 
two reactions. an  analysis of the reduction pro-
cess in the isothermal zone of the rotary kiln 
has been made. 
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ANALYSIS: 

Assuming that the charge bed is homogeneous and 

there is no concentration gradient for the gaseous species 

inside the charge bed, the concentration of carbonmonoxide and 

carbondioxide inside the charge bed of volume 'v' cen be 

written as 

dprn  

Pv 6, 	 v  • 1* co  - a 'rico  
g 	ot 

v 	7C02 4. a  CO2 	
... (3) 

1 - xp CO 
Again, the flux of nitrogen being zero, 

N
2 b 

	

K (o 	) '112 ,2  
	 (10) 2 b 	CO 

(PN2-PN2)7C0+1(g ("Pco-Pco)PN2 
The partial pressure of nitrogen inside the charge bed, PN2, 
is given by 
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since the total prossre, pT, inside the charge bed and above 

It are equal. 
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The rotary kiln being a horizontally placed cylirdrical 

reactor, the surface area of the charge exposed to the a,..-mo.sphere 

of oxidising gases is related to the fraction of reactor volume 

occupied by the charge by the relation 
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,hare G is given by 

2nr8  = 0 - Si 0 	 . (15) 

Rate g  O7CYKORR020Yele 

Since in the rotary kiln the reduction of iron ore 

takes place topochemically5, the rate of oxygen removal from 

t single iron ore particle can be expressed as:  

of total oxygen removed froc the charge 1,ed, Hence, 

PCO PCO2/K, 
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Rate of Carbon Gasifications 

For temperature upto 1100°C, the rat,: of carbon 

gasification from a single particle of any solid fuel can 

be aritten as4  

4 n
ze pSDC0g 
	

< Pc02-PCo2s) o e o..( 18) 

ALL = PR D  
dt 	411x° 

PC8 PCO2/X. 

f
0 	xo  1/3  -1+ -. 7  f

0
2/3  

Xoct   

.. (-is) 

where, 

.Co 	
D
co2

.K
° 

whore;  
Dg  

Goth - 1)/1+ 	 Coth -1) 
x c 002  

1 
co 	xco2 .K. 

Dc1  
o E •DC0i,f 

D1 °02 
	•00O217 

X
2 	k .x2 

11 
DCO2 

If 	<< 1, as is the case for a normal rotary kiln process;  

the equation (1S) simplifies to 

and Ke  is the equilibrium constant for the reduction reaction 

under consideration. 
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If the charge bed is composed of iron ore poticise 

of uniform size, at any time the fraction of total oxyger 

removed from a single particle is equal to the fraction o3  

then the rate of carbon gasification fron the charge 1...ed can 

`)15 calculated by the equation 

die 	3 P ( 
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Initial conditions 

At any time, the fraction of total oxygen 
r emoved from the charge in the isothermal por-
tion of the rotary kiln can be obtained by solv-
ing equat'ons (11), (15), (17) & (2,0) along with 
the initial condition 

(.5 
at t = 02  J.. = 	= 1 	 >- 

Pco = 0 	 0 

Foos = .21 	 (21) 

Since in actual practice most of the reduc- 
2 4 

don takes place in the isothermal zone of the 
rotary kiln at a temperature of about 1000°C, 
equation (21) expresses approximately the 
values of various parameters inside the charge 
bed at the entrance of the isothermal reduction 
zone. 

U 8 
cc Results and discussion 

The reported values of the apparent speci- 
fic reaction rate constants for the reduction of 
hematite to iron by CO" and carbon gasifica- 
tion reactions4.9.10  vary over a wide range. 
For the present calculation the value reported 
by Taniguchi6. 

k --= exp (6.3568 — 6877.8/RT) Cm /Sec ...(22) 

2 	 6 
Tirne in hrs 

Fig, I Effect of particle size and WciWo  on 
the rate of oxygen removal fs  = 0,2, 
KC  = .4 x 1014 Secs 
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Igo. 0.4cm 
is  = 0.2 

x0= 0.7cm 
fs= 0.3 

for the reduction of iron ore and that by Hedden 
exp ( 0860001Rt ) Sec' 	... (23) 

for the gasification were used. The pre-exponr 
ential factor, K, in equation (23) were found to 
very4  between .4 x 1012  to .4 x l0" for different 
grades of fuel. 

Although the diffusivity of a gaseous species 
in a multicomponent mixture of gases depends 
both on the composition of mixture and the spe-
cies of gases present, for the convenience of cal-
Culation diffussivities are assumed to be indepen-
dent of the above mentioned factors. The mass-
transfer coefficients, k co and koot were calcu-
Wed assuming the value of Sherwood number 
to be two, i.e., there is no net flow of gases in- 
side the charge bed, and lc,F? and kg 	were 
calculated by Gilliland Sherwood equation. 

Di 
Kg  = .023 (Rer.81(Sc  )0.44 	 ...(24) 

2Rk 

To solve equation (17) the equilibrium con-
stant Ke for the reaction 

FeO + CO = Fe + CO2 	 ...(25) 
was used since during the reduction of hematite 
to iron the oxygen removal takes place at Fe/FeO 
interface. Calculations were carried out at 1000 0  
C only. 

3 
vic lwo  

Fig. 3 Effect of particle size, We/W0  and fg . 
on the time required for 95% reduction. 
Kc  = 	x 1014  Sec. 

0.8 	 0.4 
FRACTION OF REMAINING OXYGEN 

Fig. 2 Effect of particle size of ore and Wc/Wo  
on the reducing potential of gas inside the 
charge bed, Kc 	.4 x 1014  Sec-1  

Figure(1) shows that the rate of oxygen re-
moval by oxygen is practically constant upto 
90% reduction. As the reduction proceeds due 
to the increase in both the resistance to reaction 
[denominator in equation (17)] as well as the driv-
ing force for reduction. Pco—Pco2 /Ke (Figure 
2) the rate of reaction remains practically unal-
tered. However, if the ratio of carbon to iron 
oxide in the charge is small the reduction may 
not be complete due to the deficiency of carbon 
(lowest curve in fig.1) 
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Fig. 4 Effect of Wc/Wo, I's and the particle size 
on the amount of carbon consumed for,. 
95% reduction. KG  = A x 10 14  Sec-, 

0 

209 



IRON PRODUCED (9s °le RED) UNIT MD VOL. 

0 	
(gm/cm3/1r) 

'3: 
0 

os  I 
0 p 

t 

Fig. 5 Effect of Wc/Wo, particle size of ore 

It can be noted from figure 3 the time re-
quired for a given percentage of reduction can 
be reduced by increasing the amount of charge 
per unit reactor volume. the ratio of carbon to 
iron oxide in the charge and by charging smaller 
iron ore particles. Remembering that a/v is in-
versely related to fs, equation (14), the effect of 
the amount of charge per unit reaction volume 
on the time required for 95% reduction can be 
easily explained. 

Figure 4 shows that the amount of carbon 
consumed for a given percentage of reduction is 
also dependent on the particle size of ore, frac-
tion of reactor volume occupied by the charge 
and the ratio of carbon to iron oxide in the 
charge. Since with the increase in W. / W. the 
amount of carbon gasified per unit time increases 
while the time required for given percentage 
of reduction decreases, the total carbon gasified 
for , a given percentage of reduction passes 
through a minima when plotted against W, Wo 
The figure 4 further points out that amount of 
carbon consumed for a given percentage of re-
action is more than that required from the stoi-
chiometry. 

The production rate per unit charge bed 
volume may be defined as W.,/100t, where tp 
is the time required for 'p' percent reduction. 
Obviously, the factors which influence tp  or Wo 
will influence the production rate. It can be 
noted from fiigure 5 that with the increase of 
Wo / W. which affects both tp as well as W. the 
production rate increases till the former reaches 
a critical value beyond which it has practically 
no influence on the production rate. This critical 
value of W. / W. increases with the increase of 
the reactivity of solid fuel and with the decrease 
of particle size of ore but it is practically un-
affected by the change in the fraction of reactor 
volume occupied by the charge. The figure 5 
further shows that the production rate can be 
increased by charging fuels of higher reactivity. 
reducing the particle size of ore and increasing 
fs. 

Conclusion 
(i) In. the isothermal zone of a rotary kiln, 

the rate of reduction is practically independent 
of time upto 90% reduction. 

(ii) The amount of carbon required for a 
given percentage of reduction is more than that 
required from the stoichiometric consideration. 

(iii) The production rate can be increased by 
increasing the amount of charge per unit reactor 
volume, by charging fuels of high reactivity and 
charging iron ores of smaller size. 

fs  and the reactivity of solid fuel on the 

amaunt of 95% reduced iron produced/hr. 
K. = .4 x 1014  Sec-i. Ke = .8 x 1013 Sec -' 

(iv) The production rate can also be increas-
ed by increasing the ratio of carbon to iron oxide 
in the charge till the ratio reaches a critical value 
when further increase of the ratio does not affect 
the production rate appreciably. This critical 
ratio is dependent on the reactivity of fuel and 
particle size of ore but is practically independ-
ent of fraction of solid in the charge. 

References 
1. B. G. Baldwin: J. Iron & Steel Inst. 179 

(1955) 306. 
2. H. K. Kohl & B. Marincek: Arch. Eisen. 36 

(1965) 851. 
3. T. S. Yen: Trans. Am. Soc. Metals: 54 

(1961) 129. 
4. K. Hedden: Chem. Ing. Technik 30 (1958) 

125. 
5. J. G. Sibakim: Blast Fec. Steel Plant 50 

(1962) 977. 
6. M. Taniguchi, T. Kubo and I Muchi: Testsu-

to-Hagane 56 (1970) 156. 
7. N. Smith and W. M. McKewan: Blast Fec., 

Coke Oven and Raw Material Conf. Proc. 21 
1961) 3. 

8. H. J. Grabke: Ber. Bunsenges. Phys. Chem. 
69 (1965) 48. - 

9. S. Ergun: U.S. Bur. Mines Bull No. 598 
(1962). 

10. W. K. Lewis et all: Ind. Tng. Chem. 41 

(1949) 1213. 

210 



Nomenclature 

a = Surface area of the charge exposed to the 
oxidising atmosphere of the kiln ( Cm.2 ) 

Di = Diffusity of ith. component (Cm2/Sec) .  

fs = Fraction of reactor volume occupied by 
the charge 

fi = Fraction of ith. component present in the 
bed 

k = Specific reaction rate constant for the 
equation (25 Cm/Sec) 

ki = Mass transfer coefficient of ith. species 
through the gas film around the iron ore 
particles (Cm/Sec) 

Kig = Mass transfer coefficient of ith. species 
through the gas film present over charge 
bed (Cm/Sec) 

Ke = Equilibrium constant for the reaction 1(a) 

Kv = Reaction rate constant for carbon gasifica-
tion equation 1(b) Sec' ) 

Ni = Flux of ith. component (gm moles/Cm2) 

Pi = Partial pressure of ith. component 

PT = Total pressure in the reactor (atm) 

ri = Rate of formation of ith. component per 
unit bed volume (gm moles/Cm2/hr ) 

Re = Reynolds number 

Rk =. Radius of the kiln (Cm) 

Sc = Schimolt number 

t = time (Sec). 
v = Volume of charge bed (Cm3  ) 
Wi = Weight of ith. component per unit volume 

of charge (gm atoms/Cm3  ) 
Pc = Density of oxygen in iron ore (gm atoms/ 

(gm moles/Cm3  ) 

Pc = Density of carbon in solid fuel (gm moles/ 
Cm ) 

Pg = Density of gas (gm moles/ Cm3  
= Porosity 
= Tortuosity factor 

d = Void fraction in the charge bed 

0 = Angle subtended by the charge at the 
centre of kiln 

Subscript 

C = Carbon and 
	

0 = Oxygen in iron oxide 
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