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flow vortices in the arc region of Simulation 2, caused by the velocity defined at the surface of
the arc cylinders (see Figure 2), is 2500 K to 3000 K. The energy input due to the arc in- and
outflows leads to higher temperatures in the freeboard around the electrodes. The normalized

vectors shown in Figure 3 indicate that the flow field is also clearly affected.

Figure 3: Influence of the arc region on the simulated temperature distribution (View 1)

In Figure 4 the calculated mass fraction distribution of CO in a plane through the center of two

of the electrodes is shown. The normalized vectors and the contours show that there is an
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increased circulation due to the arc region of Simulation 1, which leads to an increased mixing of
the ingress air with CO from the slag surface. Furthermore the accumulation in the balcony area
of CO coming out of the slag is reduced. More air from the roof ring gap is drawn down and

mixes with the CO.

Sim. 1: With in- and outflow
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Figure 4: Influence of the arc region on the mass transport of CO from the slag surface (View 2)
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The three dimensional nature of the flow within the EAF and the asymmetric effects of slag door
inflow, balcony and dedusting over the elbow are evident when comparing Figure 3 and 4. In
Figure 3 the contours of Simulation 2 show a core of lower temperatures at the left hand side of
the upper vessel below the 4™-hole. This corresponds to the main path of the air from the slag
door. For Simulation 1 the increased mixing of air from the slag door with hot CO leads to a less
pronounced similar core of lower temperatures, which is located further down, more towards the
center of the vessel. This difference in mixing is also evident in Figure 4, where the region of low
CO mass fractions to the right and above the slag door, which corresponds to a region with a high
mass fraction of Oz and Nz, is more pronounced for Simulation 2 than for 1.

The results shown in Figure 3 and 4 above correspond to the conditions defined for this particular
EAF model. In practice the amount of ingress air will vary and not be evenly distributed with
respect to each inflow area. The CO rising up from the slag due to O and carbon injection will
not be evenly distributed over the entire slag surface, but will depend on the regions of injection
into the melt. These differences and the movement of the AC arcs during each AC cycle will
mean that the real 3D flow inside the furnace will be more turbulent. The amount of mixing and
the accumulation of CO in the balcony will depend on the position of the Oz and CO injectors,
the amount and distribution of ingress air, and the interaction of the flow of CO from the slag
with the arc region and furnace atmosphere.

Equation 18 represents the energy balance equation for the solution domain of the EAF model.
The term AE e reactions F€fErs to the net energy input due to oxidation/dissociation of CO/COs.
The term E ¢ ces IS the net energy input due to the defined CO sources and Oz sink. The terms on
the left hand side of the equation represent the total energy input, those on the right hand side the

total energy output.
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Qarc region + Q]oule heating + Eair + A Echem.reac. + Esteam + Esources =

Qpatn + Qcooling + Qneatioss + Eoff—gas + Qconduc.,electrodes (18)
The increased mixing and the higher temperatures shown by the results of Simulation 1 lead to a
corresponding increase in the post-combustion. This is reflected by the higher amount of CO-
leaving the vessel through the 4™-hole (Table 4). The CO, mass flow rate out of the EAF
freeboard of Simulation 1 is 78 % higher than that of Simulation 2. With the aim of quantifying
the simulated increased energy input due to post-combustion within the vessel, a comparison of
the total energy input and main outputs for the solution domain up to the 4"-hole is given in
Table 4. For Simulation 1, due to the increased post-combustion as well as the increased energy
input by the arc region, a total energy input up to the 4"-hole of 36.4 MW results. This is 14.3 %
higher than that of Simulation 2.

Table 4: Resulting main energy inputs and outputs

Simulation | Qarc region | ESources,COslag Eptain | Qecooling Eottgas | MCO,,dth-hole

Sim. 1 18 7MW | 135MW |36.4MW | 11.6 MW | 20.7 MW | 0.455 kg/s

Sim. 2 157MW | 135MW |31.9MW | 10.7 MW | 17.9 MW | 0.255 kg/s

Guo et al. [ state that the heat extracted by the cooling water simulated using their radiation
model for an arc length of 452 mm varies between 12 and 15 MW. This is comparable to the
cooling losses given in Table 4 for an arc length of 400 mm. Furthermore when considering the
heat extracted by the cooling water during the refining phase given by Kleimt et al.?% of
approximately 14 MW, calculated using a dynamic energy balance for an exemplary heat of a

140 t industrial DC EAF, these values are in an acceptable range.

The values in Table 4 show that the increased energy input of Simulation 1 is reflected by a

corresponding increase in the energy losses due to cooling and the flow of hot off-gas out of the
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vessel. This is to be expected, as both Sim. 1 and 2 are steady state simulations and therefore do
not include the transient heating and absorption processes in the melt. Furthermore, the values
show the magnitude of the energy input due to the flow of hot CO out of the slag in relation to the
energy input from the arc region, which results from the assumed time averaged thermal radiation
temperature of the AC arc channels of 5500 K. In the present model part of the energy absorbed
by the bath around the arc region is redistributed within the melt, which is modeled as a solid,
and is transported back into the vessel by convection and thermal radiation at the slag surface.
This can be seen by the temperature contours in the melt in Figure 3.

Based on these results it is the opinion of the authors of this paper, that in order to correctly
simulate the amount of heat absorbed by the melt, the heat transfer due to circulation within the
melt away from the surface as well as the heat losses at the refractory/ melt interface would have
to be included in the model. In other words the extent of the solution domain should be increased
to include the slag and the complete metal phase as liquids.

In Figure 5 the calculated temperature distribution on the electrodes and slag surface are shown
for Simulation 1. The higher temperatures on the slag surface in the balcony region are caused by
the simplifying assumption of a homogeneous source of hot CO at the surface of the slag layer.
As the balcony walls are defined to be made of refractory material, less heat is drawn out of the
vessel here than by the cooling panels, which leads to the non-realistic formation of a hot spot in

this area.
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Sim.1: With in- and outflow in arc
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Figure 5: Temperature distribution on the electrodes and slag surface for Sim. 1

The temperature distribution of the electrodes obtained with the numerical EAF model results
from the simulated thermal radiation exchange with the arcs, the heat source due to Joule heating
within the electrodes, thermal radiation exchange with all other surfaces in the furnace, thermal
conduction along the electrode length and convective heat transfer at the electrode surfaces. In
Figure 6 the resulting temperature versus length on the inner and outer side of the electrode
furthest away from the 4™-hole, electrode 1, is shown, The simulated temperatures show that the
maximum temperature difference between the side facing the other electrodes and the side facing
towards the EAF vessel wall of 402 K occurs relatively close to the electrode tip. This
temperature difference is approximately 15% of the average electrode temperature at that

distance from the tip.
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Figure 6: Comparison of electrode temperature profiles

In Figure 6 the simulated temperature profile is also compared to that measured with an infrared
pyrometer by Rafiei et al. 2 and to that calculated by Guo et al. B! (detec = 610 mm, Tetec.tip =
3600 K, Telectop = 400 K, Trumace = 400 K). Due to the difference in electrode length from the
electrode tip to the top of the EAF vessel, which is 3.424 m for the EAF model, 5.400 m for the
electrodes considered by Rafiei et al. and 4 m for the electrodes considered by Guo et al. the
values are plotted with respect to the distance from the tip divided by the respective electrode
length. The measurements by Rafiei et al. 22 were done for electrodes with a diameter of 0.6 m
during normal operation of an AC EAF for an alternating electric current of 64 kA 2. The
curves in Figure 6 show, that in comparison to the measurements the assumed temperature of
400 K at the top of the electrode by Guo et al. and used for the EAF model is too low. It leads to
a sharp drop in temperature towards the top of the electrode which is not reflected by the

measurements. The temperatures resulting with the EAF model agree better to those measured
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than those of Guo et al. This is due to the assumed furnace atmosphere of 400 K used by Guo et
al. Even though the slope of the central part of the simulated profile obtained using the EAF
model is similar to that measured, the temperatures are higher. Unfortunately, Rafiei et al. do not
clearly describe how and when the temperature measurements were done, only stating that they
were done at a distance of approximately 5m from the electrodes. In order to be able to measure
the temperature profile of the entire electrode length, it’s most likely that this was done during
charging, so that the temperatures would tend to be rapidly dropping during the measurement.
The difference between the measured and simulated profile at the electrode tip is a consequence
of the simplified electrode geometry. In conclusion, the electrode temperature profile simulated
using the EAF model shows that the thermal radiation exchange between the electrodes leads to a
difference in temperature at the respective height that is not negligible. For future versions of the
model the electrode top temperature should be reconsidered and the shape of the electrodes at the
tip adapted.

When assuming a fixed temperature profile on the electrodes, the distribution of the energy input
coming from the arcs is not calculated correctly. The fraction of this energy absorbed and
redistributed along the electrodes length is then not included in the simulation properly. In order
to be able to compare the calculated energy flows to the electrical energy input, the electrodes
have to be part of the solution domain.

In Figure 7 the temperature distribution on the vessel walls is shown. The reason for the pattern
of the hot spot formation can be explained by considering their position with respect to the
thermal radiation from the arcs as illustrated in Figure 5. The hot spots form as a function of the
sum of the radiation exchange with the inner surfaces in dependence of the respective line of

sight and the amount of radiation absorbed by the gas between the surfaces.
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Sim. 1: With in- and outflow in arc region
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Figure 7: Temperature distribution on the EAF walls for Sim. 1

The maximum simulated hot spot temperature of the water cooled upper vessel is 2139 K. At this
temperature the slag layer protecting the water cooled panels of the vessel would melt and
damages to the panels are to be expected as the maximum allowable temperature to avoid
perforation of the panels is in the order of 1800 K [¥I. Taking into account, that the slag height
simulated is only about 43 % of the arc length and that the arcs therefore are simulated as
relatively free burning arcs this result is still realistic even if not desirable in EAF operation.

The implementation of further energy sources and sinks, for example to represent the transient
heating of the melt, needs to be further investigated. These phenomena need to be included in the
model e.g. as energy sinks in slag and metal or, alternatively, quantified in order to be able to
compare the true energy input of the secondary circuit to that being transferred by the arc region

in the model. Then the correct time averaged temperature of the arcs needed for the model could
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be found. These findings correspond to those of Henning et al. [l who use a process energy
absorption model to take the energy absorbed in the slag and bath layer into account. For the
simulations presented by Henning et al. for steady state heat loss conditions an operating power
of 6 MW is defined. In comparison, when considering the process energy absorbed in the slag

and bath region, an operating power of 46 MW is defined.

5. Conclusions

Even though there are still many aspects of the model that need to be further developed, it can be
used to investigate the influence of individual operation parameters, for example the slag height
or the amount or location of air ingress, on the post-combustion or thermal loading of the cooling
panels. The present model, combining the simulation of the arc region and the simulation of the
electrodes within the complete freeboard of an industrial EAF with its asymmetric geometry, is a
useful tool to understand the three-dimensional nature of the heat and mass transport within the

EAF vessel.

Main findings based on the presented results are:

i) The effect of the in- and outflow into the arc region should not be neglected, as it represents
one of the relevant energy input mechanisms of the arc region and leads to an increased mixing
and post-combustion of the gas species within the furnace.

i) When considering the energy flows within the current EAF model it becomes evident that it is
essential to include the graphite electrodes in order to be able to model the redistribution of the
energy within the furnace correctly.

iii) In order to achieve the long term goal of being able to compare the real electric energy input
to the modeled energy flows, the individual energy sources and sinks within the arc region and in

the bath, need to be further investigated and added to the model. Therefore it is recommended
-32-



that for future models the flow within the slag layer and metal bath be included in the solution

domain.

6. Nomenclature
AB out

A Echem, Reac.

g

Sm

Yi

T

Kett

Teff

hi

- Difference between energy in- and outflows of the solution domain
: Net energy input due to oxidation/dissociation of CO/CO;
: Gravity vector

: Represents mass sources within the solution domain

: Local mass fraction of species i

: Represents external body forces and momentum sources

: Volumetric heat sources within the flow field

: Turbulent kinetic energy

: Dissipation rate

: Turbulent viscosity

: Density

: Velocity vector

. Static pressure

: Stress tensor

- Internal energy of gas atmosphere

. Effective thermal conductivity

: Effective shear stress tensor

. Static temperature

: Sensible enthalpy of species i
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hj : Sensible enthalpy of species j

i : The diffusion flux of species j

S : Path length

s : Direction vector

7 : Position vector

a : Absorption coefficient

Irad : Incoming thermal radiation intensity

Os : Scattering coefficient

n : Refractive index

c : Stefan-Boltzmann constant

® : Phase function

o - Solid angle

kp : Forward rate constant for reaction r

A, : Pre-exponential factor for reaction r

By : Temperature exponent for reaction r

Er - Activation energy for reaction r

R - Universal gas constant

R, : Molar rate of creation or destruction of species i
Cijr : Molar concentration of species j for reaction r
7'ir . Rate exponent for reactant species j in reaction r
n”ir : Rate exponent for product species j in reaction r
q"' : Specific heat flow

letec : Effective electric current
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Relec

Velectrode
j arc, CAM

larc
marc,CAM

Ho

Qarc region
Earc,inﬂow
E arcoutflow

E cyl. surface

Oarc / electr.
Oarc / melt
QJ oule heating
Eair

Esteam

ESOU.I’CCS

Qbath
QCool ing

QHeat loss

Eoff-gas

Qconduc.electrodes

: Electrical resistance

: Volume of the graphite electrodes

: Mean electric arc current density

: Electric arc radius (CAM)

: Mass flow rate through a stationary electric arc (CAM)

: Magnetic field constant

: Energy input from arc region

: Energy outflow out of solution domain due to inflow into arc columns
: Energy input due to flow into solution domain at the base of each arc
: Net energy input due to thermal radiation and convection at the

cylindrical surface

: Energy input at plasma / electrode interface

: Energy input at plasma / melt interface

: Energy input due to Joule heating of the electrodes

: Energy input due to inflow of air

: Energy input due to inflow of steam from electrode cooling

: Energy input due to CO sources and energy loss due to O2 sink

: Net energy flow at bottom surface

: Energy outflow due to cooling

: Energy outflow due to heat losses at the walls without cooling panels
: Energy loss due to outflow of off-gas

: Energy outflow by conduction at top surface of electrodes
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delec : Electrode diameter

Telec,tip : Electrode tip temperature

Telec,top : Electrode top temperature

Tturnace : Assumed homogeneous furnace atmosphere temperature
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