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ABSTRACT

Thc effect aof the exothermic nature of oxidation on
the temperature of oxidizing single spange iron pel-
lets has been examined. The sponge iron pellets
empiloyed (produced by reduction in hydrogen at
550°C) were oxidised at 100°C to 400°C.

A mathematical model employing equations involving
heat transfer were used to study the thermo-chemical
behaviour of the sponge iron during the oxidation
process. It was found from this simulation that the
temperature predicted to be attainable by the pellets
(arising from heat generation) were considerably
higher than the nominal oxidation temperatures (i.e.
the temperatire of the fiurnace atmmosphere) - an indi:
cation that the oxidation process was far from being
isothermai. The temperatures were also studied by
direct experimental measurements. Comparison of the
two seis of results indicated that experimental in-
crease in temperature (above the nominal oxidation
temperature) was between 60 and 80% of the tem-
peratures predicated by the model. The discrepancies
in the result were attributed mainly to heat losses
which were not taken into consideration during the
experimental measurements. In all the cases investi-
gated overall experimental (or predicted) tempera-
tures during oxidation exceeded 300°C where para-
bolic oxidation could occur. At higher oxidation
lemperatures (>250°C), overall temperatures exceeded
450°C where sintering and cavity formation could
occur in the sponge iron.
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INTRODUCTION

The traditional process of producing iron based on
the principle of carbonaceous reduction of iron ores
has been unchanged for perhaps 4000 years [1]. This
process produces iron through melting of the charge at
temperatures in the region of 1400°C, usually in the
blast furnace. Although this process is still the cheap-
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est method of producing iron in bulk, capital cost for
large blast furnace plants are very high and the metal-
Iurgical coke required is not readily available. In many

‘countries & smaller scale alternative to blast furmace,

which does not use metaliurgical coke is becoming
attractive.

The reduction of iron ore pellets using gases such as
hydrogen, carbon monoxide, natural gas, etc., at tem-
peratures below the melting point of iron, i.e. 400°C-
1100°C, is becoming more and more ipaportant. The
end uct from this is sponge iron which
has a high degree of porosity and is thus far more
reactive than iron in its massive state. Ouxidation af-
fects the metallization of the sponge iron, especially
those produced at lower temperatures. Also, the oxi-
dation has been obgerved to be accompanied
by heat evolution [2,3,4,5] which farther acoelerates the
oxidation. The presence of moisture may result in the
evolution of hydrogen gas which is hazardous.
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.of comnerciad peilets (reduced at 760°-1100°C) sad the

effect of the oxidstion on the tempersture[3]. ‘However,
mﬁmdmﬂwmkofmmmm&mm'
case, sponge iron pmdmd at lower tompetstures
(<760°C) have not been given much attentien. In a
previous work (2] mvolvmg the oxidstion of sponge
iron pellets over a range of temperature sintering and
cavity formation which are phenomena sssogiated with
high temperatirgs were observed in the microstruc-
tures of some of the pellets oxidised at low tampera-
tures. A slight increase in the fummsce tesapesature
noted during the oxidation was not sufficient 10 explain’
these oocwrrences. However, copsidering that the rate
as well as the extent of oxidation observed in that work
[2} was much more than what was mormally observed
for iron in its massive state it may be inforred tiat the
oxidation of the sponge iron is likely to be far more
exothermic and hence the oxidetion process was un-
likely to be isothermal as assumed. Any. signifiomnt
rise in the tempersture of the pellst during oxidstion
was likely to affect the reaction rates sud the struotures
of the sponge iron as had been observed.

In order to adequately explain some of the changes
observed in the microstructures of the oxidised pellets
an idea about the actual temperatures prevailing within
the pellets during the oxidstion has to be kinown.

This work discusses two methods-that were employed
to detormtiine the tempersture. In the first method a
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mathematical model developed by the British Steel
Corporation (Teesside Laboratories) was employed to
predict the temperature in the oxidising pellets. The
second method involved direct experimental measure-
ment of the temperatures in the pellet.

BRIEF OUTLINE OF THE MATHEMATICAL
MODEL

In an oxidising sponge iron the principles of heat con-
duction, convection and radiation are of interest. Heat
conduction may occur within the solid iron. There may
also be heat transfer by convection to a moving gas,
or radiation to the walls of the containing vessel or to
the bulk gas. The ultimate aim of the model is to
estimate the temperature at any position within the
pellet at any given time during oxidation.

The main assumptions are as follows:

i) the pellet is considered as a single unit and
that oxidation occurs uniformly throughout the
pellet,

) heat conduction is by Fourier's equation for

transient state [6,7],

ii) to obtain the heat generated within the pellet
during oxidation, use is made of the vanation
of rate of oxidation with time obtained in a
previous work [2],

) heat. loss from the surface of the pellet is by
radiation and convection.

(a) Heat Generation in The Pellet during Oxidation

The oxidation of the pellets is assumed to proceed
according to the reaction:

2 x (3/2Fe + 0,— 1/2Fe,0,)
The heat generated per pellet may be obtained from:
Q = H.g.d¢/dt ()
where d¢/dt is the rate of oxidation for a pellet in
%0/t (see Fig. 1 for the oxidation curves for sponge

iron pmduced at 500°C).

g is the oxygen/iron mole ratio which is equal to (2/3)
in this case.

H is the enthalpy of the reaction at nominal oxidation
temperatures.

b) Heat conduction in the Pellet during Oxidation

Transfer of heat in the pellet during oxidation is accom-

panied by heat generation (as discussed in (a)). This
is expressed by Fourier's equation as
52 +82T+5];+Q(xyztl‘) 18T (2)
ox o ot

where, x,y,z are the cartesian coordinates representing
a position in the pellet

Q is the heat produced at the
position in question
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Fig. 1: Oxidatlon Curves at Varying Oxidation
Temperatures (Tox.).
t  is time
a  is the thermal diffusivity
defined as o« = ko
pCp
where,

ke is the thermal conductivity of sponge iron
Cp is the specific heat of the sponge iron
2] is the density of the sponge iron

For a spherical particle or solid [where. spherical
coordinate

r=(xt+y+2h)% ]
equation (2) becomes

§.I+5*T+Q(rt'n

1
&r? or  k, a
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where r is the radius of the pellet.

Using Simpson’s approximation the expected tempera-
ture at a position i after an infinitesimal time At is given
as’
Ti, j+1 = Ti, j [1- 2ctAt - 2aAt | + Ti-1,j. gAt +
A AP T TAr

L+ Ti+ 1, j.(aAt + 20AD + Q At (4)
1Ar pCp

where Ti, j = T(r, t)




c) Heat transfer by convection amd radiation
during the Oxidation

It was assumed that oooling of the pellet occurred by

a combined effect of radiation to the walls of the fur-

nace tube (or gas) and comvection by the gas (air)

being employed for oxidation.

This is given by
h(T,-T) + oe (T%, - T) = -k 5t )
Br

where,
h_ is the beat transfer coefficient

o  is the Steffan’s constant
¢ is the emissivity of pellet
T, is the temperature on the surface of the peilet

T, is the temperature of the gas (or convective
temperature)

T, is the temperature of the wall of the furnace tube
{ = Tox, the nominal temperature of oxidation)

d) Boundary Conditions
These are;
i. at the centre of the pellet

aT
— ‘o
&r

ii. at the surface of the pellet equation (5) holds

RESULTS OBTAINED USING THE MATHEMATICAL
MODEL

The results were obtained with assistance from the
British Steel Corporation Teesside Laborstories [8]
where a computer employing the mathematical model
was used to simulate the oxidation process.

Examples of the temperature profiles in some oxidising
pellets are shown in Fig. 2-5. The convective tempera-
ture (Tg) for Figs. 2 and 3 are equal to the oxidation
temperature (T, = 250°C) whilst for Figs. 4 and 5, T,
was assumed to be 100°C less than the oxidation tem®
perature (T, = T_ - 100). The curves show the tempera-
tures at posmons within the pellet of diameter 5.5 mm
at varying oxidation times. In the case of Figs. 2 and
4 oxidation was assumed to ocour uniformly through-
out the outer half of the pellet, the inner core being
assumed not to participate in the process. This varia-
tion is to cater for a situation where pellet oxidises
progressively from the outside towards the interior of
the peliet. In this case the evolution of heat towards
the outside of the pellet would be high but would be
free to esc both into the interior of the pellet and

through the outer surface. Figs. 3 and 5 however,

ano —

=~ ESO"C
* ZROE
* 0003 Cal/S/Cm /0

L 1 L 1
ma T E] -
DISTANCE FROM CENTRC OF PELLET [WM]

Fig. 2: Change ln Termperature Against Time of
Oxidation within Peliet (Non-Reacting Core) - ..

-

show uniform oxidation throughout the pellet as as-
sumed in the model. Here the heat evolved can only
escape through the outer surface of the pellet. In the
case of the unreacting core, it was assumed -that an
outer luyer of peHet achieved 40% oxidation before
oxidation of the adjacent inner layer commenced.

in Fig.2, 1tmybes¢enﬂ:aaﬁerabom05mmof
oxidation the temperature has already risen above
400°C, the : , 480°C, at sbout
35mmfmmlheaenkeofthepeuet After 1.0 min the
temperature is over S00°C, the highest, 533°C, being 3.0
mm from the centre of the Atﬂﬂtime,
mwmnmmof&wpwuns*c,

that at the suxface is 485°C. Afier about 1.5
oxidation, however, the curve shows that the
temperature, 535°C, occurs at the centre. This tempera-
ture remains constant up to about 3.0 mm from the
centre of the pellet, decreasing to 480°C at the surface.
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has fallen to 330°C at the centre and 305°C at the
surface, both temperatures are, however, still above the
nominal oxidation temperature of 250°C.

Fig. 3 also shows the temperature profile in a peilet
oxidised at 250°C but wher¢ uniform oxidation was
assumed throughout the whole pellet. After 0.5 min. of
oxidation, the highest temperature, 510°C, occurs at the
centre of the peliet instead of nearer the surface as was
the case in Fig.2. The temperature decreases from the




centre to the surface of the pellet and this profiles
vails throughout the oxidation. The highest lemp
ture, SB0°C, occurs afier 1.0 min. at the centre
pdletmdnsiughu&mﬂ)eﬁi&'(:obtmnedf
case shown in Fig.2.
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Fig. 3: Chonge In Temperature Against Time of
Ondciaiion within Pellet (Assuming a Reacting Core)

In sddition to whether there is a reacting or non-react-
ing core, factors such as the thermal conductivity of
ﬂ:smpcnﬂmdthemecﬂvumnparm (tem-
perature of gas) were found to affect the temperature
of the pellet during the oxidation. These effects are
summarised in Table 1 the oxidation being at & nominal
temperature of 250°C. The gas temperature was varied
from 250‘(:1:0 50°C for convection and the thermal

of the sponge iron also varied from 0.0013
1o 0.065 cal/cm/sec/deg.C, the figure 0.065 being nearer
that of massive iron. In Table 1 only the temperature
‘at the céntre (Tc) and surface (Ts) of the pellet are
shown. The last two columns show the rise in tein-
perature in the centre (Tc) and the surface (Ts) above
the nominal oxidation temperature of 250°C. It may be
seen from the figures in these columns that the rise in

at the centre is higher where the inner core
wmncung(Y'ES) Cmslmd?.(_and&lmd#)m
typical examples and show that with = -eacting core,
thetempuﬂwuﬂﬁ:emﬂofthapaikhs%‘thgh«
than if the core was not taking part in the oxidation
reaction. On the surface of the pellet th. difference is
only 9°C. mﬁwofvwm
ity from 0.0013 to 0.065 eg.C may be soen
from cases 4,6,7 and 8. Here, the rise in temperaturc at
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= |80°C
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fig. 5 Change In Tempergture Against Time of
Ouddation within Pellat (Assuming a Reacting Core)




TABLE 1: EFFECT OF SOME PARAMETERS ON THE TEMPERATURE CHANGES IN OXIDISING SPONGE
IRON PELLETS (NOMINAL OXIDATION TEMPERATURE, T, = 250°C)

Case No. | Gas Temp. | Thermal Conductivity | Reacting core [Centre Temp [Surface Temp| T_-T_ T, T,
T, *¢ cal/em/s/°C T,*C T,°¢  |ATSC | AT L
1 250 0.0013 NO 535 481 285 231
2 250 0.0013 YES 581 490 331 240
3 150 0.0013 NO 524 470 274 220
4 150 0.0013 YES 571 479 321 229
5 50 0.0013 YES 560 468 310 218
6 150 0.0026 YES 532 484 282 234
7 150 0.0039 YES 518 486 268 236
8 150 0.065 YES 486 484 236 234
9 250 0.0026 NO 518 492 268 242
10 150 0.0026 NO 507 481 257 231

the centre of the pellet decrease from 321°C to 236°C
with increasing thermal conductivity. At the surface a
slight increase of 5°C occurs in changing the conduc-
tivity from 0.0013 to 0.0026 cal/cm/sec/deg.C but there-
after seems to remain constant even when the thermal
conductivity is increased to 0.065. Cases 2, 4 and 5
show the effect of changing the temperature of the gas
and indicate that decreasing this temperature from 250°C
to 50°C causes a decrease in the rise in ature at
the centre from 331°C to 310°C, and 240° to 218°C at
the surface.

It may be inferred from the foregoing discussion that
the greatest effect on the temperature when oxidation
starts is the thermal conductivity of the pellet. The
choice of the convective temperature does not seem to
be critical since lowering it by 200°C reduces the cen-
tral temperature by only about 20°C. The presence of
an unreacting core also has a considerable effect on
the temperature. For radiation the wall temperature was
kept constant and equal to the nominal oxidation tem-
perature. Subsequent simulations were carried out using
k = 0.0013 cal/s/°C, Tg about 50° to 100°C less than
Tox, and assuming a reacting core.

EXPERIMENTAL MEASUREMENT OF TEMPERA-
TURE IN OXIDISING IRON PELLETS

it has been shown in the preceding section using a
mathematical model that considerable increase in the
oxidation temperature is likely to occur during the

oxidation of sponge iron pellets. Owing to the impor-
tance of this phenomena regarding its effect on oxida-
tion, it was considered essential fo carry out actual
experiments 1o measure directly the temperature changes

during oxidation and compare the results with those
obtained using the model.

Owing to the small sizes of pellets (11 mm diameter on
average), it was proposed to measure the temperatures
at the centre and surface of the pellet, leaving the
mtermediate positions. A hole was drilled to the centre
of the pellet and this housed one of the thermocouples.
A small shallow groove was made on the surface of the
pellet to hold the tip of another thermocouple. The
temperature at the two positions in the pellet were
continuously recorded during the oxidation. Air was
used as oxidant and temperatures from 100 to 400°C
employed. Fig.6 shows the temperature - time curves
obtained at the centres of the pellets. (The temperature
profiles for the surface of the pellets follow similar
trends - these are not shown). The curves show that
there is a considerable rise in the temperature during
the oxidation process. Oxidation at 250°C for example,
produced a temperature of about 450°C in the centre of
the pellet.

COMPARISON OF PREDICTED WITH MEASURED
TEMPERATURE CHANGES IN SOME OXIDISING
SPONGE IRON PELLETS

A few temperature-time curves for the predicted (as-
suming a reacting core) and measured temperature
changes at the centres of the pellet are shown in Fig.7.
It may be seen from these curves that the predicted
temperature-time curves (from the mathematical model)
follow the same trend as those for the measured tem-
perature-time curves, the maximum temperature rise also
occwring at the same time. The main difference be-
tween the two sets of curves is that the predicted rise




TABLE 2: MEASURED AND PREDICTED TEMPERATURE CHANGES AT THE CENTRES AND SURFACE
OF OXIDISING SPONGE IRON PELLETS .
measured temperature, °C predicted temperature, °C
AT, (meas) |AT, (meas)
T max |Tmax Tm',.-'.:n& T.max |[Tomax| T __-T AT, (pred) AT, (pred)
T, AT, AT, AT, | AT

max max max | max

100 347 333 247 233 480 400 380 300 0.65 0.78

150 416 347 266 197 565 465 415 315 0.64 0.63

250 450 390 200 140 570 480 320 | 230 0.63 0.61

400 547 514 147 114 622 540 222 140 0.66 0.81

in temperature is more rapid and higher than the mea-
sured so that a considerable separation between the
curves occurs at the initial portions. The two curves

however begin to come closer to each other after about
5.0 min of oxidation. For example, for pellets oxidised
at 100°C (nominal oxidation temperature), at 1.0 min, the
predicted temperature is 470°C whilst the measured is
325°C; at 5.0 min, the predicted temperature is 310°C
whilst the measured is 260°C.

Fig. 6: Measured Temperature - Time Curves
Obtalned at the Centres of Oxidising Pellets

The actual temperature (the overall temperature and the
increase in temperature) have been summarised in Table
2. These figures represent temperatures obtained at
the centres (Tc) and on the surface (Ts) of the pellets.
The figures show that for both predicted and measured
temperatures, the maximum overall temperature is at
least 100°C higher than the nominal oxidation tempera-
ture. The highest measured temperature increase was
266°C; (this occurred in a pellet oxidised at 150°C); the
highest predicted is 415°C and also occurred in a pellet
oxidised at 150°C. In general, the highest increases in
temperature occur at the lower nominal oxidation tem-
peratures where the oxidation rates were found to be
higher (see Fig.1). In all the cases shown in the Table,

TEMPERATURE

Fig. 7: Predicted and Measured Temperature -
Time Curves Obtalned at the Centres of Oxidising
Pellets




the overall temperature during the oxidation is higher
than 300°C, sufficient for parabolic growth to occur in
iron. At the higher nominal oxidation temperatures, for
example, temperatures above 250°C, the overall tem-
perature in the centre during oxidation increases to at
least 440°C and, therefore, within the temperature range
where sintering is believed to occur in iron.

The ratios of the measured to the predicted increase in
temperature are shown in the last two columns of Table
2 for. the centres and surface of the pellets respectively.
The measured centre temperature is on the average
about 0.65 of the predicted temperature. The measured
to predicted ratios for the surface temperatures are
similar to those for the centre. That the predicted
temperature should be higher than the measured should
be expected. The heat losses to the sample container
and even the thermocouple sheath would be enough to
lower the actual temperature rise that occur during the
oxidation and, hence, the measured temperature in-
crease. In both cases several variable factors such as
the thermal conductivity of the pellet, the convective
and radiative heat, and whether there is a reacting or
non-reacting core may affect the rise in temperature.
Despite these differences, however, the results show
that considerable increase in the temperature cccur
during oxidation.

SUMMARY AND CONCLUSIONS

The effect of heat generation on the temperature of
oxidising sponge iron pellets has been examined. An
attempt has been made, using a mathematical model, to
predict the temperatures in such pellets. The results
obtained are complicated by factqrs such as the ther-
mal conductivity of the pellet, temperature of the
oxidising gas and whether oxidation occurs in the outer
parts of the pellets or throughout the pellet. Although
predicted time-temperature curves obtained compared
favourably with those from measurement of the tem-
perature in the oxidising pellet the measured maximum

rise in temperature for the centre and surface of the
peliet vary by 60-80% of the predicted values. It must
be pointed out that heat losses likely to occur during
the experimental work (which would lead to low tem-
perature being recorded) have not been taken into
account.

It is clear that some of the control parameters need to
be given an indepth appraisal in order to achieve a
closer agreement between the two sets of results, It
must also be mentioned that bigger size pellets would
be easier to handle and therefore enable adequate mea-
surement to be made across the pellet. This work
should therefore be taken as a preliminary study of this
phenomenon.

Nevertheless, the results obtained seem to explain some
of the high temperature phenomenon observed during
the oxidation of sponge iron pellets at low nominal
temperatures. The evidence indicates that the overall
temperatures actually prevailing during the oxidation
were higher than the nominal oxidation temperatures.
In all cases these exceeded 300°C where parabolic
oxidation is likely to occur in iron. In a few cases, the
overall temperature exceeded 450°C where sintering and
cavity formation are known to occur in iron.

ACKNOWLEDGEMENTS

The author wishes to thank R.H. Parker (Cambome
School of Mines), R.J. Hawkins and G. Boxall (British
Steel Corporation) for their immense assistance in car-
rying out this work. :

REFERENCES

1. Dancy, T.E., The Evolution of Iron Making, Met.
Trans. (B), Vol 88, pp. 201-213, Jume 1977.

2. Sraku-Lartey, K., Parker, RH aid Hawkins, RJ.,
Oxidation of Sponge lron Particles cnd Pellets
Produced by Reduction of Hematite In Hydrogen,
Ironmaking and Steelmaking, Vol 11, No.l,
pp. 23-33, 1984,

L Iguchi, Y. and Inouye, M, Kinetics of Re-oxidation
of Sponge Iron Powders Testzu-to-Hagane,
vol. 34, 404, 1968,

4. Iguchi, Y. and Inouye, M., Deoxidation behaviour of
Sponge Iron Reduced from Ferric Oxide and Iron
Ores, Testsu-ro-Hagane, 1970, Vol 56, pp. 507-520.

5. Nagel, H., The Oxidation of Sponge Iron, Doctoral
Dissertation, Cologne, Germany, Nov, 1973.




