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a b s t r a c t

Energy consumption and production capacity are two major concerns in the steel making

industries which are using electric arc furnace (EAF). To improve the performance of EAF, a

new initiative technique has been introduced in which sponge iron particles are preheated

before entering the furnace. A heat exchanger is used to transfer waste energy from EAF flue

gas to a neutral gas like nitrogen, which in turn preheats the sponge iron particles in the

fixed bed. The method has several desirable advantages including electric energy saving,

increasing the productivity and reduction in electrode and refractory consumption. In order

to estimate the extent of energy saving and productivity increase, the preheating process

was simulated in the bed. The thermal characteristics of the fixed bed were predicted by a
Fixed bed

Electric energy saving

Preheating

Flue gas

numerical solution of differential equations for granular sponge iron and heating gas. The

temperature of sponge iron particles and heating gas were also predicted in different layers

of the bed and at different times. Based on the simulation results it is found that the energy

consumption in the EAF can be reduced up to 14% and productivity can be increased up to

13%.

tage of gravity as driving force which resulted in considerable
1. Introduction

The iron and steel industry is the largest industrial energy
consumer. According to Camdali et al. (2003), approximately
12% of the world energy production is used in the iron
and steel section. Bisio et al. (2000) reported that after the
employee costs, energy costs (about 30% of the total cost) rep-
resent the second highest cost element in integrated steel
works. The share of the electric arc furnace (EAF) technol-
ogy in the iron and steel industry is increasing rapidly and
is estimated for at least 50% of the total steel production
in 2010 based on the prediction of Raja et al. (2005). Future
growth in EAF steelmaking depends on continued improve-

ments in energy use, operating costs, and furnace productivity.
It is a well-known fact that over 20% of the energy gener-
ated in EAF is left in the form of off-take gases. Melting of
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iron by EAF is a very energy consuming process in which
temperature of sponge iron particles is raised from ambi-
ent temperature up to 1500 ◦C. Since electrical energy which
is the most expensive form of energy used in EAF, lowering
the energy consumption is a major concern in these indus-
tries.

Various technologies have been developed so far to reduce
electrical energy in steel making industries. One of the impor-
tant technologies is hot charging of sponge iron particles
which was developed by Midrex Company and discussed by
Montague and Hausler (1999). In this technology hot sponge
iron (up to 700 ◦C) is charged into the furnace by taking advan-
saving in power and electrode consumption as well as higher
EAF productivity. Further modification in the hot charging
technique was discussed by Baily (2001).
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Nomenclature

Ab bed cross-section area (m2)
Ap particle surface area (m2)
As bed lateral area (m2)
Cp specific heat of particle (kJ kg−1 K−1)
Ci specific heat of inlet gas (kJ kg−1 K−1)
db bed diameter (m)
dp particle diameter (m)
E energy (kJ)
hp heat transfer coefficient between particle bed

and gas (W m−2 K−1)
hs heat transfer coefficient between inlet gas and

surface (W m−2 K−1)
�H sponge iron specific heat of fusion (kJ kg−1)
kp thermal conductivity of particle (W m−1 K−1)
Lc characteristic length of particle (m)
Re Reynolds number (=dpui�i/�i)
Sc Schmidt number (=�i/�idp)
Ti inlet temperature of gas (K)
Tp particle temperature (K)
Ts bed surface temperature (K)
ui inlet velocity of gas (m s−1)
Vp particle volume (m−3)

Greek letters
˛ thermal diffusivity (m2 s−1)
ε dimensionless volume fraction
� density (kg m−3)
� radiation constant (w m−2 K−4)

Subscripts
b bed

p
d
s
d
i
s
t
i

p
i
h
i
t

t
s
c
i
e
t

i inlet gas
p particle

Another technology for reducing energy consumption is
reheating irons by flue gas. Preheating scheme could be
ivided in two categories, either scrap iron preheating or
ponge iron preheating. Many elaborate processes have been
eveloped so far to use flue gas energy for scrap iron preheat-

ng including BBS Bursa, Fuchs shaft furnace, and CONSTEEL®

crap preheater. Schmitt (1997) reported that the CONSTEEL®

echnique can reduce electric consumption up to 18%, and
ncrease production up to 17%.

Although there have been many technologies for scrap iron
reheating, sponge iron preheating has not been considered

n steel making industries yet. In this paper sponge iron pre-
eating scheme by using flue gas is introduced. Since sponge

ron particles are stored in silo before they enter the furnace,
here is enough time for preheating.

In order to find out how much energy can be transferred
o the sponge iron particles, the heating process in the silo
hould be simulated. Sponge iron particles in the silo can be

onsidered as a fixed bed. Fixed bed has been used in many
ndustries for heating and drying of particles. It is consid-
red to be convenient equipment for heat storage effort. Due
o the large surface-to-volume ratio, the thermal response of
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these units is relatively fast as compared to other developed
energy carrier devices. Costa and Figueiredo (1990) applied
mixing cells model to predict the behavior of packed bed dry-
ers. Achenbach (1995) presented correlations for prediction of
convective heat transfer coefficient, pressure drop, effective
conductivity, and wall heat transfer in the fixed bed. Amiri
and Vafai (1998) investigated the temporal energy transport of
incompressible flows through fixed bed. Hessari et al. (2004)
studied the behavior of packed bed of rock material and sim-
ulated the heating process inside the bed and obtained the
profiles of air and rock bed temperatures with respect to the
time and length of the bed.

Although the thermal behaviors of different particles have
been studied in the fixed bed with different variations and
extensions, there is no information available on the sponge
iron particles behavior in the fixed bed. In this paper, first, the
concept of sponge iron preheating in the EAF industry is intro-
duced and then, the thermal behavior of sponge iron particles
in the fixed bed are simulated in order to find out the extent
of energy saving and productivity increase.

2. Proposed design

In the conventional design of EAF, the hot flue gas of EAF
passes through the water-cooled duct and the radiant cooler
(to reduce the temperature) and finally exhausts to the atmo-
sphere by using an ID fan. The flue gas is a good source of
energy because it has high mass flow rate and high temper-
ature. For example, for a typical EAF, the mass flow rate and
temperature of gas are about 1035 kg/min and 1100 ◦C, respec-
tively, which contain thermal capacity of about 18 MW. This
huge source of thermal power could be used for sponge irons
preheating which in turn reduce electrical energy consump-
tion in the furnace.

Another important aspect of the sponge irons preheating
is decreasing the melting time of sponge iron and therefore
increasing the productivity of the furnace. Usually tap-to-tap
melting time of iron takes about 120 min. If by preheating the
sponge irons, tap-to-tap time is decreased about 10%, then the
plant production will be increased about 10%. The increase
in production will have tremendous financial impact for the
plant.

The furnace flue gas cannot directly be used to preheat the
sponge iron particles because of re-oxidation of the particles.
Therefore, an intermediate gas should be used for preheating
process. Nitrogen is a very good candidate for this purpose
because it does not react with sponge iron particles and also
it is available enough as by-product of other processes in the
steel making plants.

In this design, nitrogen picks up heat from the hot flue gas
through a heat exchanger which can be located inside the exit
duct of the furnace and then the hot nitrogen enters the silo
to preheat the sponge iron particles. Exit nitrogen could be cir-
culated into the cycle in order to save nitrogen consumption.
A cyclone is used in the nitrogen cycle to separate any dust

which might be carried out with nitrogen. Fig. 1 shows the
schematics of the design for an actual EAF. In order to find out
the estimate of energy saving and productivity increase, it is
required to simulate the processes in the silo and the furnace.
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the

where

Ėin = �iCiεiAbuiTi (2)
Fig. 1 – Layout of the design for preheating

In the simulation, validated models in the literature were used
as discussed by Costa and Figueiredo (1990) and Palancz (1985).

3. Modeling the process

Sponge iron particles can be considered as spherical shape
with average diameter of 1 cm. The bed dimension is shown
in Fig. 1 and the thermal properties of sponge iron are as

dp = 1 cm

�p = 4000 kg m−3

Cp = 0.460 kJ kg−1 K−1

�H = 280 kJ kg−1

kp = 5.01 W m−1 K−1

εp = 0.5

In order to understand the thermal characteristics of the
bed, a mathematical model was developed. The following
simplifying assumptions were used in order to derive the gov-
erning equations.

- The air flow is one-dimensional.
- Conduction between bed particles is negligible.
- Bed walls are adiabatic.

- Radiation heat transfer in the bed is negligible.

For modeling gas and particles behavior, it is required to
divide the bed into a number of one-dimensional control vol-
sponge iron in fixed bed by using flue gas.

umes as shown in Fig. 2. For each control volume, the energy
equation in differential form can be developed for nitrogen
and particles.

The energy balance for the gas in the control volume can
be written as

Ėin − Ėout + Ėgen dV = ∂E

∂t
(1)
Fig. 2 – One-dimensional control volume for energy
balance.
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that the gas temperature increases more rapidly at the bottom
of the bed compared to the upper section. This means that at
the bottom of the bed gas temperature is close to the inlet
temperature most of the time.
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˙ out = �iCiεiAbuiTi + ∂(�iCiεiAbuiTi)
∂y

dy (3)

The heat generation term has two parts, one for the con-
ection between gas and solid particles and the other for the
onvection between gas and surface of the bed wall which can
e written as

˙ gen = Ėg,particle + Ėg,surface (4)

˙ g,particle = hp(Tp − Ti)
Ap

Ab dy
(5)

˙ g,surface = hs(Ts − Ti)
As

Ab dy
(6)

After substituting the above equations and simplifying
hem, as reported by Hajidavalloo and Hamdullahpur (2000),
q. (1) can be re-written as

∂

∂t
(�iCiεiTi) + ∂

∂y
(�iCiεiUiTi) = hp(Tp − Ti)

6εp

dp

+hs(Ts − Ti)
(1 − εp)

db
(7)

The bed voidage and gas velocity are constants during the
rocess but the physical characteristics like �i and Ci depend
n the local temperature at each layer.

The bed wall is considered adiabatic; therefore, the heat
ransfer to the wall can be neglected. Based on these assump-
ions, Eq. (7) can be written as

∂

∂t
(�iCiTi) + Ui

∂

∂y
(�iCiTi) = 6hp(Tp − Ti)

εi

εp

dp
(8)

. Modeling the energy equation for
ponge iron particles

wo models can be used for predicting the sponge iron behav-
or inside the bed. The first model is the lumped capacitance
nd the second model is the diffusion model. In order to find
ut which model is suitable, Biot number should be calculated
s

i = hpLc

kp
(9)

here Lc equals to ro/3 and hp is obtained from Ranz (1952)
quation as

p = kp

dp
(2 + 1.8Re

1/2
p Sc1/3) (10)

The Biot number of particle is equal to 0.04 which is less
han 0.1; therefore, the lumped capacitance model can be used

n the calculation with negligible error. The energy equation
or the sponge iron particle takes the form

pAp(Ti − Tp) = �pCpVp
∂Tp

∂t
(11)
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5. Method of solution

Eqs. (8) and (11) should be solved simultaneously in order to
obtain the variation of gas and solid temperature in terms of
bed height and time. The first equation, which is for the gas
flow, is hyperbolic partial differential equation and the second
one, which is for the sponge iron particles, is simple differen-
tial equation. Initial and boundary condition are as

Ti(y, 0) = Tio (12)

Tp(y, 0) = Tpo (13)

Ti(0, t) = Tih (14)

where Tio, Tpo, and Tih are known as constants. To reach more
accurate solution, the flow field in the bed is divided into
a finite number of control volumes and an upwind implicit
scheme is employed to discritize the equations in space and
time domain. The solution procedure is started by solving the
set of equations for the first control volume which is at the
bottom of the bed, and the gas and the particles temperature
are evaluated inside the control volume. Then, the solution
marches into the next control volume and all the properties
are calculated again for the condition of this control volume.
The marching procedure continues until it reaches the last
control volume.

6. Results

In order to investigate the effect of various parameters on
the preheating process, simulation was carried out on an
existing sponge iron silo located at Khouzestan Steel Com-
pany in Ahvaz, Iran. The bed has rectangular cross-section
(2.5 m × 5.1 m) with 4.5 m height containing about 75 tonnes
of sponge iron particles.

Fig. 3 shows the variations of gas temperature with time
at different heights of the bed. It can be seen from the figure
Fig. 3 – Variation of gas temperature with time at different
heights (Tin = 873 K).
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Fig. 6 – Effect of mass flow rate of gas on the particles
temperature inside the bed (T = 873 K, t = 1000 s).

Fig. 7 – Effect of mass flow rate of gas on the particles
temperature inside the bed (T = 873 K, t = 3000 s).
Fig. 4 – Variation of particle temperature with time at
different heights (Tin = 873 K).

Fig. 4 shows the variations of particle temperature with
time at different layers of the bed. The temperature variations
of the particles are very similar to the gas temperature varia-
tions. Initially the difference between temperature of gas and
sponge iron particles is important but as time proceeds the dif-
ference becomes negligible which indicates that the gas and
particles reach thermal equilibrium very fast. This is in agree-
ment with other finding given in the literature like Hessari et
al. (2004) and Holman (2002).

Fig. 5 shows the temperature distribution of sponge iron
particles at different times inside the bed. It can be seen that at
initial stage of the process only the temperature of the bottom
layers increases and the temperature of upper layer does not
change so much but as time proceeds the temperature of the
upper layers also increases.

Figs. 6 and 7 show the effect of mass flow rate of gas on the
particles temperature inside the bed at different times. It can
be seen that mass flow rate has considerable effect on the par-
ticle temperature profile and by increasing it the temperature
rise inside the bed increases more rapidly.

Fig. 8 shows the total energy saved by particles inside the
bed at two different gas inlet temperatures. The total energy
is the summation of all particles energy at different layers of

the bed. The figure shows how much energy is absorbed in
the bed at any time. It can be seen that at the initial stage
energy absorption increases rapidly but as time proceeds,
energy absorption approaches a constant value. The time at

Fig. 5 – Temperature distribution of particles in bed at
different times.
Fig. 8 – Energy received by particles at two inlet
temperatures of gas.

which the total energy does not change is an indication that all
particles have reached thermal equilibrium with gas temper-
ature and no more energy absorption takes place. Therefore,
by using this graph the duration time necessary to preheat the
sponge iron particles up to the inlet gas temperature can be
calculated.

7. Discussion

7.1. Energy saving
Based on the results of simulation, the amount of energy sav-
ing in the plant can be calculated. If the tap-to-tap time of
the furnace is assumed to be about 120 min (which is usual in
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teelmaking industry), then the average temperature increase
n the bed could be easily calculated from Fig. 8 and energy
alance in the bed. For the case under the study, the energy
alance shows the average temperature increase is about
80 ◦C if the inlet gas temperature is 600 ◦C. As a rule of thumb,
ower consumption can be reduced to about 20 kWh/tonnes
f liquid steel for each 100 ◦C increase in the charge tem-
erature. Therefore, for this plant, total power saving would
e about 96 kWh/tonnes of liquid steel. A comparison of this
ower saving with the present power consumption of the plant

677 kWh/tonnes of liquid steel) shows there would be 14%
ower reduction.

More power saving will be attained if inlet gas temperature
ncreases further. This increase can be fulfilled by different

ethods like increasing the mass flow rate of the gas in the
ycle.

.2. Productivity increase

he other major benefit of sponge iron preheating scheme is
ncreasing the production rate of the furnace due to shorter
ap-to-tap time. There are different data to address the
mount of time reduction in the melting process for any
ncrease in the charge temperature because it is highly plant
ependent and many other parameters should be considered
s reported by Baily (2001). If, based on the simple energy
nalysis, it is assumed for each 100 ◦C increase in the charge
emperature, tap-to-tap time can be reduced to about 3 min,
hen for the plant, tap-to-tap reduction time would be about
5 min which could be about 13% reduction in tap-to-tap time.
n other words the production rate can be increased up to
3%. The production rate can be increased more if inlet gas
emperature is increased.

Other advantages of using this method are saving in elec-
rode and refractory consumption, decreasing moisture in EAF
eed and reducing environmental emissions. The different
dvantages of preheating technique have considerable finan-
ial benefits for the plant which can be the subject of some
urther researches.

. Conclusion

here is huge amount of energy and exergy wasted in EAF

ndustry which can be reused by application of proper scheme.
reheating the sponge iron particles is one of the feasible
chemes which could be applied in order to decrease energy
onsumption and increase productivity. In this scheme, flue
h n o l o g y 2 0 8 ( 2 0 0 8 ) 336–341 341

gas energy is transferred to a neutral gas through a heat
exchanger and then the hot gas is used to preheat the sponge
iron particles held in the silo. Simulation of preheating pro-
cess shows that using this technique electrical energy can be
saved up to 14% and furnace productivity can be increased up
to 13%. There is good potential to further increase in saving by
increasing the inlet gas temperature.
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