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ABSTRACT

The performance of an iron-bath reactor has been studied

using a comprehensive numerical model which combines a

computational fluid dynamics approach for the gas phase

and a heat and mass balance model for the bath. The

model calculates:

e Coal, ore, flux and oxygen consumption;

Post-combustion ratio;

Heat-transfer efficiency;

Off-gas temperature and composition;

Heat transfer and chemical reactions between gas and

iron and slag droplets; and

e Heat transfer between gas and bath, refractories and
lance.

The model was validated with data reported for a 100 t

pilot plant. On the basis of modelling results, the dominant

mechanisms of heat transfer from the gas to the bath are

radiation to the slag surface and convection heat transfer

to droplets.

NOMENCLATURE

C, heat capacity

D  diffusion coefficient

G shear production

H enthalpy

k  turbulent kinetic energy

p  pressure

S, source term due to gas-dust heat transfer

Sp source term due to gas-droplets heat transfer

S,, mass source due to gas-droplets chemical reactions

S,qq source term due to radiation

S, source term due to particle momentum

S, source term due to chemical reactions in gas phase
ug gas velocity

v;  mass fraction of the i-th species in the gas phase

€ rate of dissipation of turbulent energy
¢ bulk viscosity

A thermal conductivity of gas

effective viscosity

Uy laminar viscosity

Ur turbulent viscosity

pc  gas density
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INTRODUCTION

Production of iron has been dominated for decades by the
traditional route consisting of coke ovens, ore
agglomeration plant and blast furnace. Despite its
dominance, the route has two drawbacks: it requires large-
scale production to be profitable and preparation of raw
materials. The iron-bath reactor is an alternative process
which can eliminate these issues. In this process (Fig. 1),
coal, oxygen, ore and fluxes are charged to the bath.
Oxygen or preheated air is blown into the freeboard for
post combustion of carbon monoxide and hydrogen
released from the bath. Slag and iron droplets are ejected
from the bath into the gas phase, where they are heated
before returning to the bath. Iron droplets undergo
decarburisation and reoxidation by carbon dioxide and
steam, while iron oxide in slag droplets is oxidised to
Fe,O3. Dust is blown from the bath, and the bath may be
stirred with bottom injected gas.

ore, coal, flxes |

off-gas, dust,
droplets

oxygen or
preheated air

FREEBOARD

CO, H2, N2,
H20

iron and slag
droplets, dust

Figure 1: A schematic of a typical iron-bath reactor.



In iron-bath reactors, fuel efficiency is improved by post
combustion and efficient transfer of the generated heat to
the bath. As large-scale experimental equipment is
expensive, mathematical models provide a cost-effective
means for investigation of these factors. Relatively simple
models, which did not consider the spatial variations in
the gas phase, gave useful information about the process
performance (Fruehan et al., 1989; Xu and Holappa, 1990;
Ai et al., 1990; Zhang and Oeters, 1991, 1993; Sampaio et
al., 1992; Panjkovic et al., 1996). However, development
of CFD models is warranted since significant spatial
variations of gas properties in the freeboard of these
reactors exist. Several relevant CFD models have been
reported in the literature (Gou et al., 1993; Shinotake and
Takamoto, 1993; Shin et al., 1993; Schwarz and Davis,
1993; Tanski, 1994; Li et al., 1996; Becker-Lemgau and
Tacke, 1996; Zhang and Oeters, 1996; Davis et al., 1997).
However, only Shinotake and Takamoto (1993) took into
account the effect of raw material properties. Heat transfer
from gas to droplets was considered in four references
only (Li et al., 1996; Becker-Lemgau and Tacke, 1996;
Zhang and Oeters, 1996; Davis et al., 1997), and Davis et
al. (1997) alone explicitly modelled chemical reactions
between gas and droplets. The presence of steam and
hydrogen was considered in few models (Shinotake and
Takamoto, 1993; Becker-Lemgau and Tacke, 1996; Davis
et al., 1997). Finally, only in four cases was some form of
validation explicitly mentioned (Gou et al., 1993;
Shinotake and Takamoto, 1993; Schwarz and Davis, 1993;
Davis et al., 1997).

MODEL DESCRIPTION

General Features

The model described here attempts to overcome the
shortcomings of the previous models. It combines a CFD
model of the phenomena in the gas phase (combustion,
heat transfer from gas to the bath and refractories, and the
heat, mass and momentum transfer between gas and
droplets) and a heat and mass balance model for the bath.

It is a finite-volume model, uses a colocated grid and is

built using the CFX 4.2 package. The model is based on

the following algorithm:

1. Perform heat and mass balances for the bath to
initialise boundary conditions at the slag-gas
boundary.

2. Tterate the gas-phase solution without the interaction
between gas and droplets to establish consistent
temperature and velocity fields.

3. Calculate the residence times and velocities of droplets
in individual control volumes.

4. Perform heat and mass balances for the bath to update
the boundary conditions at the slag surface.

5. Perform one iteration of the gas-phase solution
including heat and mass transfer between gas and
droplets.

6. Check if the solution has converged. If it has not, go to
Step 3.

The model calculates:

e Coal, ore, flux and oxygen consumption;

e Post-combustion ratio;

e Heat-transfer efficiency;

e Off-gas temperature and composition;

e Heat transfer and chemical reactions between gas and
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iron and slag droplets; and
e Heat transfer between gas and bath, refractories and
lance.

Assumptions

The following assumptions have been made:

e Process is steady state;

e Thermal conductivity and thickness of refractories are
constant around the vessel;

e Temperature of slag surface is assumed 50 K higher
than the bulk slag (Ibaraki et al., 1995);

e Temperature of gas generated in the bath is equal to
the bulk slag and iron bath temperature;

e Post combustion takes place entirely in the freeboard,

e Pressure at the vessel mouth is atmospheric; and

e Because of the gas opacity, radiation heat loss through
the vessel mouth is neglected (Healy and McBride,
1977).

Boundary Conditions

The following boundary conditions apply to the vessel
walls and the outer surface of the lance: no-slip condition;
no mass transfer between gas and walls; and wall
functions are used to define the boundary conditions for
flow and heat transfer at the walls (CFX 4.2, 1997). The
mixed boundary condition is applied to the refractory
walls to calculate the heat transfer from the hot face of
refractories through the walls to the surroundings. There
are two inlets: the lance tip, where the blast enters the
freeboard through a single hole, and the slag surface,
where gas from the bath enters the freeboard. The
boundary conditions at the slag surface are as follows:

e Gas entering the freeboard consists of carbon
monoxide, hydrogen and nitrogen generated in the
bath and free moisture from raw materials which
evaporates at the slag surface; and

e The flowrate and composition of gas entering the
freeboard are calculated by the heat and mass balance
model for the bath.

Conservation Equations

The formulation of the transport equations for the gas
phase is taken from the CFX documentation (1997). The
mass conservation and momentum transport equations are
given by Eqgs. (1) and (2), and the standard k-& model of
turbulence is used (Egs. (3) and (4)).
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where the effective viscosity is calculated as:

Hey= Mp + Ur (5)
The mass fractions of species in the gas phase are
calculated by transport equations of the form:

Ve(puy,—-pDVy,)=S, (6)

The transport equation for enthalpy is given by:

(N

AU
Ve puH-| —+-L|VH|=S_,+S, +S
(p (CP 09) ] rad D d

The radiation model is based on the P; spherical

harmonics approximation (Ozisik, 1975). Droplet
dynamics, heat transfer and the rate of chemical reactions
between gas and droplets are calculated as in Panjkovic et
al. (1996, 1999). The droplet source terms in the transport
equations are included using the particle-source-in-cell
technique (Crowe et al., 1977). The dust is assumed to be
heated from the bath temperature to the gas temperature at
the vessel mouth. The enthalpy difference is then split
between the control volumes in proportion to their
volume.

The eddy-break-up model was employed for the
combustion modelling. Also, equilibrium for the water-
gas-shift reaction is assumed in this model. This
assumption was used in calculating the mass fractions of
CO, CO,, H,, H,O, N, and O, by applying a modified
approach of Haywood et al. (1994), with transport
equations solved for atomic carbon, oxygen and hydrogen
and for molecular oxygen and nitrogen.

Model Parameters

The vessel dimensions are shown in Fig. 2 and
approximate the Nippon Steel 100 t pilot plant (NSC100)
(Ibaraki et al., 1995). Most simulation parameters are
given in Panjkovic et al. (1996). The standard conditions
specific to the CFD model are: temperature of the lance
surface is 600 °C; lance tip 1.8 m above the bath, its inner
diameter 0.15 m; the blast velocity 318.4 m s!; and the
apparent density of the foaming slag 800 kg m™. In the
absence of reliable formulae for the size of the cavity
formed in slag by the oxygen jet, the cavity was taken to
be the “average” of those presented by Shinotake and
Takamoto (1992) and Katayama et al. (1992). It is an
inverted frustum, with top and bottom surfaces of radii 1.4
m and 0.3 m, respectively, and a depth of 1.6 m.

The main criterion in selecting the grid was that a further
refinement did not change results significantly. In most of
the domain the turbulent dimensionless distance y,,~ was
between 30 and 300. The grid contains 3098 control
volumes and the calculation domain is half of the
axisymmetric axial-radial plane (Panjkovic, 1999).

RESULTS
Validation Tests
Validation tests were performed with three sets of data

from the NSC100. The production rate in the model was
matched to the particular trial and the flowrate of oxygen
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for post combustion was adjusted so that the calculated
PCR matched the measured one. It must be conceded that
these tests are incomplete for this complex model.
Unfortunately, measurements of velocity, temperature and
composition profiles in the freeboard of an iron-bath
reactor are not available. Results are summarised in Table
1. It can be seen that the match with measured data is
reasonable. However, the difference between measured
and calculated HTE is pronounced. It is difficult to explain
the difference without detailed information on the
temperature measurements at the NSC100 and the formula
for HTE that was used in NSC. Some additional means to
enhance heat transfer from gas to the bath and droplets
should be considered, such as smaller diameter slag
droplets than assumed in the simulations, and greater
effective surface area for heat transfer to the bath. Either
the bath surface area is larger than assumed, due to
foaming and surface waves, or a fraction of post
combustion occurs in the foaming slag.

3.5m
2.1m
N
18m 55m &lS m
Bath surface 30m
3.9m
48° \I:‘ /

Figure 2. Vessel dimensions (Ibaraki et al., 1995).

The Impact of Lance Height

Only this sensitivity test is presented here (other
sensitivity tests are given in Panjkovic, 1999). Since the
lance height influences the cavity size, the formulae given
by Cheslak et al. (1969) were used to estimate the changes
in the cavity size relative to the standard case. The lance
heights considered were the standard case and +20 %
variations on the standard case. The results obtained for
different cases are compared in Table 2. The gas
temperature falls near the cavity wall with higher lance
position, but rises above bath surface outside the cavity,
referred to as the flat bath (Fig. 3). This causes the
radiation transfer rate to the flat bath to rise, which
partially offsets the fall in the radiation heat transfer to the
cavity. Convection heat transfer to the bath shows little
change with increasing lance height, but heat transfer from
gas to droplets increases sharply due to the rise in gas
temperature above the flat bath where the majority of
droplets are located. The increase in heat transfer to
droplets improves HTE and causes coal consumption to
decrease. The rise in gas temperature above the flat bath
and the higher partial pressure of oxidising gases, cause
the rate of chemical reactions between gas and droplets to
increase. Lower coal consumption means that less gas is
generated in the bath which, at constant flowrate of
oxygen for post combustion, results in higher PCR.
Despite the increase in PCR, the off-gas temperature
decreases due to the improved heat transfer from gas to
droplets.



Comparison to a Simpler Model

It is interesting to compare the results of the CFD model to

those obtained with a simpler heat and mass balance

(HMB) model (Panjkovic et al., 1996). The principal

difference between the models is that the HMB model

assumes spatial uniformity of gas velocity, temperature
and composition, and uses a single-gas-zone model for
calculating heat transfer in the freeboard. The results of
the validation tests with the two models are similar (Table

3). The comparison was conducted using the same data.

The heat losses to the lance calculated by the CFD model

were specified in the HMB model, and the bath surface

area in the HMB model was the same as in the CFD
model. The comparison between two models shows the
following:

1. The main difference is the much higher rate of
chemical reactions between gas and droplets
calculated by the HMB model. The uniformity of gas
properties means that all droplets are exposed to gas at
the temperature and composition of the off-gas. In the
CFD model the gas temperature (Fig. 3) and partial
pressure of oxidising gases are relatively low over the
flat bath, where most droplets are located. This also
explains the lower heat transfer from gas to droplets
calculated by the CFD model.

2. The coal consumption calculated by two models is
similar. The total heat transfer from gas to the bath and
droplets is slightly higher with the HMB model.
However, this is offset by the higher rate of oxidation
and decarburisation of iron droplets.

3. The HTE calculated by the CFD model is consistently
lower than for the HMB model. The reason is the
estimation of the heat released by post combustion,
required to calculate HTE. The amount of CO, and
H,O created by post combustion is calculated from the
flowrate of these species in the off-gas and the rate at
which they are consumed by decarburisation and
reoxidation reactions. The rate of these reactions is
calculated higher by the HMB model.

4. The models calculate similar values of heat losses to
the refractory walls surrounding the freeboard. Also,
the difference between the calculated radiation heat

transfer to the bath is reasonably small (4-14 %). This
suggests that the single-gas-zone radiation model used
in the HMB model is a reasonable approximation.

5. The most important mechanisms for heat transfer from
gas to bath are radiation to the bath and convection to
droplets. Convection heat transfer to the bath is only
about 10 % of the total heat transfer to the bath and
droplets, as calculated by the CFD model. Radiation
heat transfer to droplets accounts for about 20 % of
the total heat transfer to droplets.

CONCLUSION

The performance of an iron-bath reactor have been studied
using a comprehensive numerical model which combines a
computational fluid dynamics approach for the gas phase
and a heat and mass balance model for the bath. The
model was validated with data reported by the Nippon
Steel Corporation for a 100 t pilot plant. The calculated
coal consumption and off-gas temperature tend to be
higher than measured, and the HTE is significantly lower
than measured. The most likely causes of the discrepancies
between the measured and the calculated values are the
uncertainties in the size and generation rate of droplets,
little understanding of the combustion and heat transfer in
the foaming slag, and the assumed shape of the bath
surface. Radiation to the slag surface and convection heat
transfer to droplets are the dominant mechanisms of heat
transfer from gas to the bath. Chemical reactions between
gas and iron droplets (decarburisation and reoxidation)
have a strong influence on the post-combustion ratio,
while reoxidation of slag is less important. The lance
height was found to have a significant impact on coal
consumption.
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NSC100 model NSC100 model NSC100 model
Coal consumption [kg tHM™']" 1180 1181 1060 1114 1120 1240
HTE [%] 89 81 96 30 90 74
Total O, consumption 885 885 874 857 824 950
[m® at STP tHM™']?
Off-gas temperature [K] 1900-2200 2206 1900-2200 2275 1900-2200 2358
Production [tHM h'] 22.6 24.5 36.4
PCR [%] 42 46 42

1) tHM: ton of hot metal

2) STP: standard temperature and pressure (273.15 K and 101.3 kPa, respectively)

Table 1. Comparison between CFD model calculations and data from experiments at the NSC100 (Ibaraki
et al., 1995). PCR and HTE are defined as in Panjkovic et al. (1996).
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Lance position lower (1.44 m) standard case higher (2.16 m)

Coal consumption [kg tHM™'] 1366 1248 992

PCR [%] 38.7 41.7 52.1

HTE [%] 71.5 74.4 79.2

Off-gas temperature [K] 2369 2353 2343

Decarburisation rate of iron [mole s'] 10.0 13.8 19.3

Reoxidation rate of iron [mole s™'] 3.6 8.2 10.2

Reoxidation rate of Fe?' [mole s™'] 0.6 1.2 2.6

Heat losses to the walls and lance [MW] 3.8 3.2 2.7

Convection heat transfer to the bath [MW] 7.2 7.6 7.3

Radiation heat transfer to the bath [MW] 34.8 34.7 33.4

Heat transfer from gas to droplets [MW] 25.9 28.1 34.9
Table 2. Results obtained with three different values of lance height.
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Figure 3. Temperature contours (K) for different values of lance height.
Case 1 Case 2 Case 3
HMB | CFD | HMB | CFD HMB CFD

Coal consumption [kg tHM™'] 1205 1181 1115 1114 1237 1240
PCR [%] 42 42 46 46 42 42
HTE [%] 82 81 82 80 77 74
Oxy. consumption [m’ at STP tHM™'] 911 885 | 860 857 945 950
Off-gas temperature [K] 2241 | 2206 | 2274 | 2275 2337 2358
Decarburisation rate [mol s™'] 16.6 9.9 17.7 11.9 23.1 13.9
Reoxidation rate of iron [mol s'] 40.5 5.6 42.7 8.7 37.0 8.5
Reoxidation rate of Fe>* [mol s'] 2.9 1.0 3.2 1.2 3.3 1.2
Heat losses to the refractory walls and lance [MW] 3.6 3.5 3.8 3.7 4.3 4.1
Convection heat transfer to the bath [MW] - 4.3 - 4.4 - 7.5
Radiation heat transfer to the bath [MW] 23.3 25.0 25.6 26.7 30.3 34.7
Heat transfer from gas to droplets [MW] 22.3 16.1 24.5 18.8 40.8 28.3

Table 3. A comparison of results obtained with the CFD and HMB models.
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