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1 INTRODUCTION

There have been continual improvements in the efficiency
and control of the electric are furnace (EAF) operation!,
Sources for improvements usually come from knowledge
of a particular aspect of steel-making such as physical
chemistry, heat transfer, reactor design, or thermody-
namics. Application of new ideas in these areas has lead
to gradual improvements in the EAF steel-making pro-
cess.

A fundamental model of the EAF steel-making pro-
cess is useful in evaluating several process modifications
simultaneously and discovering their effect on off-gas and
bath compositions. An appropriately formulated modsl
is also ideal for use in determining optimal operating
strategies that achieve an extremum of a performance
objective.

The literature on modeling of an EAF is sparse. This
is probably due to both the.proprietary nature of the
results and the complexity of the problem. Early papers
discuss simple models involving only a few compounds
and reactions and only applied to flat bath conditions®¢,
Recent industrial desire for further furnace optimization
has created the the need for a complete model.

2 MODEL DEVELOPMENT

In developing an accurate model different events, causes,

and effects in the furnace must be taken into account.
Most importantly, the furnace model must include the
scrap melting rate, the furnace chemistry, and the fur-
nace material balance as well as the furnace operations
like oxygen lancing, carbon injection, and burner opera-
tiom.

For modeling purposes, the furnace interior is divided
into two well-mixed control volumes, The gas control vol-
ume {GCV) is made up only of the free-board gases while
the bath control volume (BCV) contains the bath, slag,
and some gas. This arrangement is shown in Figure 1.
Chemical reactions and furnace operations are assumed
to take place within a control volume.
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Figure 1: Furnace Moderl Control Volumes

2.1 Melting

The melting rate of scrap is an important part of the
model because the amount of liquid iron present in the
furnace determines the extent of some of the chemical
reactions. A melting rate of zero indicates that the scrap
has been melted completely and the bath temperature
may be rising if energy is still being added to the fur-
nace. Most of the energy that melts the scrap is the
electrical energy that is supplied through the electrodes.
The burners and exothermic chemical reactions provide
additional energy to melt the charge. -

The wide variation in the scrap shape and size re-
quires making a simplifying assumption in order to make
the melting modet less complex. Our model assumes that
the scrap is made up of n identical spheres of radius R.
This simplification allows for heat transfer to one sphere
to be modeled and scaled up for n spheres.

Since the scrap does not start out at the melting tem-
perature, energy put into the scrap can go either to the
sensible heat, raising the temperature or to latent heat,

: producing liquid. When the temperature of a differential

volume of solid reaches the melting temperature, any ad-
ditional energy transfered to the volume melts all or part
of the volume.

The transfer of sensible heat to a sphere is described
by equation 1, a partial differential equation (PDE) which
equates the rate of energy accumulation to the rate of
conduction. Bquation 1 describes only temperature change,
so an additional equation is needed to describe melting.
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A modified finite difference method using equation 1
has been used for the EAF melfing model. Derivatives in
space have been converted o their fnite difference forms,
and the derivative in time remains for solution with an
ordinary differential equation (ODE) integrator. Melting
will reduce the sphere’s radius, so the radial variable has
been scaled: :

o= (2)

o dimensionless radius
r radius
R(t) outer sphere radius

This substitution forces the r* value to be between
zero and unity inside of the sphere. The modified finite
difference form of equation 1 is:

dT; e (2T =T)  Tiw - 2T+ Tia (3)
Z T B\ A T A
temperature at poing rf
therrmal diffusivity
dimensionless length in radial direction
r*  dimensionless distance between space points
i=1 center of sphere

AR R

The boundary conditions imposed on the system are
given in Table I. A symmetry condition is used at the
sphere’s center, while a heat flux condition is used at

Table I: Boundary Conditions

[ Location | Condition I Description |
=0 grﬂ- = 0 .symmetry
r =1 | flur = —kZL | surface fiux

the surface. The heat flux to the surface is the toal
energy (electrical and chemical) available divided over
the surface area of all n spheres.

A singularity in equation 3 exists ab the center of
the sphere, so evaluation must be performed carefully.
Thibault presented the application of L'Hépital's Rule
for the evaluation at the origin®:
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The first ODE is obtained by transiating this con-
tinuous equation into its finite difference expression, and
using symmetry to define Ty = Tz
T, —
dl _ 5, 12 T (%)

dt “ Art 2

This finite difference scheme handles heat transfer,
excluding meiting, accurately. In order to simulate both
the melting and semsible heat transfer, the finite differ-
ence ODEs must be augmented with a melting algorithm.
The melting portion moniters the temperature profile of
the sphere and when an entire shell of the sphere is above
the melting temperature, it triggers a melting routine for
one time step which reduces the radius of the iron sphere.
During a melting time step no sensible heat transfer takes
place, making the accuracy of this method poor unless
small time steps are used. The use of a small mesh in the
space dimension is also necessary to maintain accuracy
ar else an entire shell cannot be melted in one time step.
The change in radius of the sphere during a melting time
step is expressed in equation 6.

dR Energy Rate

dt dm AHmcl: * Paolid * R? (6)
R outer sphere radius
t time
Energy Rate chemical and electrical energy
AHmen heat of fusion of steel
Osolid demnsity of solid scrap

Figure 2 shows a plot of liquid volume verses time for
a Tun with a 100 ton charge, constant electrical inpus of
70 MW (20.18 kW-hr/s), and an iritial sphere radius of
10 cm. The figure shows a time delay foliowed by a lin-
ear rise in liquid volurne for mest of the melting regime.
Figure 3 shows the sphere radius verses time for the same
simulazion. The simulation predicts an exponential drop
in radius after the time delay. The time delay occurs
because the scrap must be brought to its melting tem-
perature before melting begins and the radius decreases.

The simulation predicts complete melt-out at 24.0
minutes for a time step size of 5 seconds and 21 finite
difference points in space. A macroscopic energy bal-
ance shows that a total of 30.300 kW-hr is needed to
melt this charge, which means that it should take 30,300
(kW-hr)/20.6 (kW-hr/s} = 24.5 minutes to melt. An in-
dustrial furnace typically uses 20 to 22 minutes to melt
the charge. The shorter time in the industrial furnace is
due to chemical energy comsributions thas are not mod-
eled in the stand-alone melting model. '

The sphere radius does not have any effect on the pre-
dicted time for complete melt-out, but does change the
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Figure 2: Liquid Volume vs. Time
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PFigure 3: Sphere Radius vs. Time

time delay before meiting starts. Figure 4 shows the re-
sults of several melting simulations with varying sphere
radius. The larger the radius, the smaller the time de-
lay before liquid is produced. If these findings are taken
to the extreme, an infinitely small sphere would have a
time delay approaching the total melting time, and an
infinitely large sphere would begin to meit immediately.

The linear change in bath volume over most of the
melting period is simple, and can be verified in the field.
If fleld measurements show a non-linear profile, the madet
can be modified by using a distribution of sphere sizes to
represent the diverse scrap shapes. If field measurements
show a strong correlation between the furnace electri-
cal input profile and the liquid production rate, a non-
constant electrical schedule will have to be incorporated
into the maodel.
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Figure 4: Effect of Radius on the Time Delay

2.2 Furnace Chemistry

Because there is a large nurnber of compounds present in
the three phases of the furnacs, a simpiification is neces-
sary in order to create a model of lower complexity. The
rationale used to choose the compounds is to include the
compounds of interest as well as their pre-cursors. For
example, we are interssted in the off-gas composition, so
CO, COq, My, Os, Ny, and Hy(O must be included in the
model. In addition, species that may react to form these
gases must also be included. These include dissolved oxy-
gen in the bath (Q), dissolved hydrogen in the bath (H),
and carbon dissolved in the bath %78, The amounts of
iron and iron oxide present are also important, so they
are included as well. The compounds included in the
model are shown in Figure 5.

After selecting the compounds to inciude in the model,
the chemical reactions that comsume or produce each
compound must be selected. A set of six independent

" chemical reactions, shown in Table II, represent the re-

actions that take place in the bath control velume and
two combustion reactions take place in the gas control
volume of the furnace. At operating temperatures of
2800°F (1810K) the steel-making reactions are not lim-
ited by kinetics®?. For this reason the set of eight chemi-
cal reactions are assumed to be at equilibrium at all times
during the simulation. The furnace medel is limited by
mass transfer effects across the control volumes instead
of kinetics. The modeling of the mass transfer limitations
are developed in this papar.

The assumption of chemical equilibrium yields a set of
eight algebraic constraints on the system that correspond
to the eight chemical reactions. Since the amounts of 17
compounds must be found, nine more constraints must be
set in order to obtain a unique solution for the amounts
of sach compound. Seven of these constraints come from
the necessity for the conservation of atomic mass in the
system. These seven relations make sure that the atomic
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Figure 5: Furnace Compounds

Table II: Furnace Chemical Reactions

No. [ Reaction

Bath Control Volume Reactions
1B %Oz(g) + Fe(l) = (FeO)

2B | 30:(g) = 2

3B* | C+0 = CO{g)

4B | H,0{g) = 2H+0

5B | 3Ha(g) = H

68 co+ %Og = C0

Gas Control Volume Reactions
1G O+ %Oz = 00

9G | He + 20y = H,0

*The carbon boil reaction

B denotes BCV and G denotes GCV

populations of C, O, H, and Fe stays constant in both
control volumes. The final two constraints come from the
assumption that Ny is inert, so any nitrogen that enters
either control volume exits without reacting. The set of
simultaneous equations that result from the equilibrium
assumption are shown in Table III. This set of equations
is solved numerically at each time step of the simulation
to ensure that equilibrivm exists at all times.

2.3 Material Balances

The final necessary element of an EAF model is a dy-
namic material balance. The material balance equations
keep track of mass in-flow, mass out-flow, and the trans-
port of compounds between the furnace control volumes.
Material balances are written around both the bath con-
trol volume and the gas control volume. The gases in the
BCYV represent both the bubbles of CO created {rom the
carbon boil reaction and a small amount of gas that does
not mix completely with the free-board gas.

Each event that takes place in the furnace does so
in a particular control volume. For instance, air infiltra-
tion contributes to the mass of the gas control volume

and oxygen lancing contributes to the mass of the bath
control volume. The segregation of the furnace into two
control volumes is necessary in order for the model to be
able to differentiate between oxygen that enters by infil-.
tration and oxygen that is lanced directly into the bath.
Without separate control volumes, both would contribute
equally to the oxygen content of the bath which is not
physically vaiid. The two control volume arrangement al- '
lows for a resistance to be placed between the free-board
gas (GCV) and the bath (BCV) so that the model is abie
to limit the mixing of the two control volumes, similar to
a real furnace system,

The two control volumes are able to exchange gaseous
compounds using two different mechanisms. The first
mechanism is convection from the BCV to the GCV and
is justified by the large amounts of carbon moncxide gen-
erated by the carbon boil reaction. If the BCV reaction

_mechanisms generate more gas than a pre-specified limit,

the excess gas is convected into the gas control volume.
The BCV gas limit is set such that the bath volume is
doubled by the gas present during the carbon boil'l.

The second mechanism for control volume gas ex-
change is a concentration difference driven flux. This
type of transport allows the transfer of gas from a con-
trol volume of high concentration to a control volume of
lower concentration, no matter the direction. The rate
of transfer of gas across the interface is proportional to
the coniact area, the concentration difference, and a mass
transfer coefficient. The mass transfer coefficient is & bulk
transfer term and therefore not related to specific chem-
ical properties. This mechanism of transpert allows a
small amount of oxygen from air infiltration to reach the
bath. The equation describing this transport mechanism
is:

R = Ak (P =77 (7)

R; molar rate of transfer of 7 to the GCV
A contact area between control volumes
k mass transfer coefficient

yBCY  gas mole fraction in the bath contrel volume
y6CY  gas mole fraction in the gas control volume

The actual material balance equations are based upon
the classical conservation eguation!

Rate of Accumaulation = Rate In — Hate Out (8)

Note that & term for generation by chemica! reaction
is not included in the maperial balance equation. This
is because the generation term will be accounted for by
the chemical equilibrium portion of the model. Before
the material balance is called, the equilibrium state is
calculated so equilibrium is forced to exist at all time
steps of the simulation. A limit is also specified for the
amount of gas present in the gas control volume., The
volume, pressure, and temperature of the GCV stay rel-
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Table III: Equilibrium Equations

| Na. | Equation

} Description

Bath Control Volume Equations

T | V3o +Ngo, + V6§ -Cgy = 0 Consarvation of Carbon Atotms

2 | VB, +2NEp, +2NE + NBo + N0+ Ng - 08, = 0 | Conservation of Oxygen Atoms
3 | VB o+ NG +NE-HE, =0 Conservation of Hydrogen Atoms
4 | VB, +NEo-Fel = 0 Conservation of Iron Atoms

5 | wBb-Ki=Pwuf? =0 Equilibrium of Reaction 1B

§ |wh®-Kix P, =0 Equilibrium of Reaction 2B

T | P8o = Karwowg = 0 Equilibrium of Reaction 3B

8 | whwf ~KaxP B0 =0 Equilibrium of Reaction 4B

9 |wgi-Ki«Pf =0 Equilibrium of Reaction 58

0 | Pio} ~Ki<PSs«P5 =0

Equilibrium of Reacticn 68

Gas Control Veoilume Equations

Ngo = Ngo, = Cioe = 0

Conservation of Carbon Atoms

. s G + -
NG +2NZp, + 2N, + NG = 08, =

Conservasion of Oxygen Atoms

Ll —

QN!?,O +2Nﬁ1 _Hgt - 0

Censervation of Hydrogen Atoms |

T Fa <Kl Pag PG, = 0

Equilibrium of Reaction 1G

: 2 7 3
5 |P325—I{;*P§1 *P§ =10

Equilibrium of Reaction 2G

N is the tocal moles of i in the GCV

X9 is total moles of X atoms in the GCV
B A
wy

PG is the partial pressure of  in the GCV

K. is the equilibrium constant for chemical reaction

is the weight percent concentration of 1 in the BCV

Superscripts B or G denose 2 compeund of ske BCV or GCV, respectively

atively constant, so the amount of gas must also stay
constans. The excess gas is convected ous through the
fourth hole to maintain the correct ameunt of gas in the
free-board. The 17 mazerial balances generate a set of
ordinary differential equations and are shown in Table
IV.

Where possible, the model has been developed to
use physically-significant parameters instead of fitting
parameters. In addition to furnace operating parame-
ters like electrical and burner profiles, carbon addition
schedules, and oxygen lancing schedules, the model re-
quires geometry parameters like furnace diameter, and
total opening area for infiliration.

3 MODEL BEHAVIOR

Figure 6 shows a set of operating profiles for a typical
EAF operation. The figure gives the times for all furnace
operations including oxygen lancing, burner operation,
carbon addition, and carbon injection.

Figures 7 and 8 show the raw output from the model
for a simulated furnace that is 22 feet in diameter and
has a capacity of 170 tons. The operating profile that
generates the data in these figures is the same as that
discussed above. The figures contain plots of the molar
amounss of all of the compounds present in the furnace
with time for both of the control volumes.

The gas control volume plots in Figure 7 show the
amounts of the six free-board gas components. All of the
gases except oxygen show changes while charging takes
place at 22 and 36 minutes. When oxygen lancing first
starts, 7 minutes into the first meit-down, CO, €Oy, and
H, leveis rise dramatically while O levels drop. These
gas levels rsturn to cheir initial states during the sec-
ond and third charges. The second charge melt-down
conditions are much like those of the first melt-down.
The carbon monoxide and hydrogen plots show two large,
flat peaks thas correspond to the first two charge melt-
downs. The first two peaks are followed by two shorter
and sharper peaks that correspond to carbon runcing,
ottt in the BCV and the start of carbon injection,. re-
spectively. Carbon dioxide levels stay relativaly co_nszént :
unti! near the end of the heat. Water and nitrogen levéls
both drop during melting of the first two charges and rise
toward the end of the heat. Oxygen is not predicted to
be present in the free-board until late in the heat.

Figure 8 shows the molar amounts of ten of the eieven
BCV compounds during the heat (I, has been omitted).
Carbon moncxide is the only compound in the BCV that
shows a correiation with the operasing pracsice. The first
two melt-downs and the carbon injection can be seen
clearly in the CO plot. Seven other compounds’ profiles
show a relationship with the amount of carbon in the
BCV. €04, H.O, FeQ, and O begin to change to non-
zero values after the carbon is consumed in the BCV,
In contrast, H levels are predicted to decline after the
carbon is consumed. T
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Table IV: Furnace Model Material Balances

1 i 1 |
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No. | Equation T = R |
v ] 1 1 1 | 1
BCV Material Balances CHARGE /I /6HARGE 3/ Zens. 3/ g onEr
T T L
1 %Q —_ FmJ +w.|cmp " me * AA;‘:E | : : ] ) T : l : : ; ! '
dNEs J:1 T T T ] T ] i T T T :] BURNERS
2 = - *Fo, - R
—Ll = YEo * Four co ] LN Al > I < b : OXTGEN
Wy | > <, | ! > LANCING
3 2 = = Yo, * Fou — Reo, : : : ! o | Lo I ARBON
~ S\
4 -Tto-: = Fla.ﬂ.ce - yO:B * Faut - Ro: : § : ; : E : : i { I[ NECTIEN
- g P Lot | v
5 '_dt2‘=0'0 @!,s.IJ!}IL\.z.IFI.!\!_._m
T E -] wn E 9 = n o ['x] [=~] n o 23 o
dN'ﬂ TIME (H|NUTE5)
7 | Eee g0
dNE
8. :t 2 = - yf}qo * Fo‘?lt - RH:O
g | df:i’ﬁ, = —yB «FE — Ry, [ Operation | Amount ]
dh’zﬁ fe Power [ 40-80 MW
10 = =00 Burners (During Power On) | 740 SCFM CH,
1 aNE, _ 5 L FE _ R, Burners {During Power Off) | 280 SCFM CH,
i Yivg out . Nz QOxygen Lancing 2,150 SCFM
GCV Material Balances Carbon Injection 100 lb./min.
2] -
12 Mdana — ygo N FB _ ygo % Fg‘: + Reo Carbon Bag i 5,000 Ib.
N,
13 | —E2 = B « — y8p, * Foy + Fourner + Reo
d,\% : 5 : o . it ’ Figure 6: EAF Operating Parameters
14 d:q = yo: *thi *yO: * w:’i'y?)’.: *FinfiI+R02
R dNG Figure 9 shows the off-gas composition profile as cal-
15 | —28 = yB  xFE ~yf o # FS, + 2F r R . ;
| de; Vo * fout ~ Y50 * Tout burner 7 7 #20 culated from the data in the GCV piot. Before oxygen
16 } —= = yf -4, «FS, + Ra, lancing is started in the first melt-down, carbon dioxide
A L ANy .5 o F ig the main component of the off-gas at 19% (by vol-
Zt T YR * fow T Upy * Lfowm T AN, ume). During lancing, CO; drops to be 16% of the off-
Superscript B and G denote in the BCV and the GOV gas while CO is the main component with a compositicn
N; = moles of { in the system at 24%. Hydrogen also climbed from 2% to 3% during
MWe = rmol. wt. of carbon this same period. At 38 minutes, during the third chargs
MWp, = mol wi of iron melt-down, carbon monoxide and hydrogen concentra-
Ri = concentracion ériven molar flow of { to the GCV (gmol/s) tions drap to zero beesusge all of the carbon in the BCV
F“:‘J_'a: rate of "‘“_b"n imjection (gmlf £) has been corsumed. During the ten minutes of carbon
wg " = wt. fraction carbon in scrap injection that begin 43 minutes from the start, carbon
Fert = l"a;: “f_meh;n.g (g‘;"l/ s) ; dioxide is the major component of the off-gas at an av-
y; = mole fraction of ¢ in the gas phase erage concencration of 22%.
'urner‘ = ﬂ b
?’ mo::ﬁ::;;j m:‘:eal(le z;;:)o pemer {gmol/s) Information about the volumetric flow of off-gas is
oul = g w
o — ol fr:xctio of i ip air g useful in assessing the performance of the existing fur-
11: o olar ra‘enof air infltracion (gmot/s) nace gas cleaning system or designing a new one. Off-gas
i volume information may also help to locate periods when

Elanee = molar rate of cxygen lancing (gmol/s)
Fipray = molar rate of water spray on electrode {gmal/s)

the furnace “puffs” due to high gas release rates. Figure
10 shows the predicted off-gas volume during the simuia-
tion. The figure shows that the gas generation rate is not
constant, but varies from 14,000 to 15,700 SCFM. The
off-gas fow rate is highest during the first two charge
melt-downs when carbor is present and oxygen is being
lanced into the furnace.

To evaluate the behavior of the furnace, three sepa-
rate measures are used. The ratio of the total carbon
monoxide to the total carbon dioxide released (CQ/C0
ratio) is one method of judging the utilization of chemical

680 - 1997 ELECTRIC FURNACE CONFERENCE PROCEEDINGS



e[ ‘ " 1
sk 4 3
- L =
g sof- - ? B
z I 2
= 1 5
2 gk - =€ b
g 90
Q r ] g
- 4 3
]
ol i b
0 1] b 30 40 q [} 40 30 49
w0 3 50
a E
" HE 3 - I
2 H
] ‘LSD = E
2 e E =
g % wp E
5 ]
w0k E =
19§ E
] Q
0 10 20 s 0 0 i a ] e n 0 30 ]
201 san

>

Teres
lae
8
E

)

i
S

P WY I
H2{G) fg-maot}
o 8 B
[y FYVRY PUTVL NN PR

LT3 il i .
a I+ i) 0 4a ) 50 > 19 0 1o 0 0 &0
Tima {min.) Time (mim.)
Figure 7: Gas Control Volume Furnace Compounds - Base Case

7 8E 3 3% ;
i B0 ﬁ = 14 of
2 sofe = had -] o E
T ME E g wof m -
g zg - 39 4

a -] 20 30 +0 30 50 [+] 19 0 30 40 0 6Q

=18 2 0F
2 o8 3 ;g " E
& 0sE E = 10g L..-,.-.,_r___!_‘ E
ok I 3. 3
T 02E =3 ¥ E
@ o0k z Ll -
a 1o 20 0 40 0 50 a 19 0 pot] 40 % L]
‘:g- 12 e
Qe i 05
Eoag < faefk .
= & R
Y- E v gl E '
g 25 - ™
= ¢ a
a 1 0 i0 «Q 10 &0 a a 0 10 40 Eh ]
-]
2500 2.5x10
2000 & 4 o towgd? E
15006 E -] -
1000 & 4 2o’k E
1005 4 o some*t =
Q q
[ 1 m 38 0 50 -] ] e 20 30 0 EL] 59
0 o BI0*E E|
7 up 4 Teme'f E
3 1 I 3
,!',' i1 ~3 Z 40 £ e
= s E ql z.m‘;_ 3
a 3 ot 3
L] 1] 20 10 4Q 3 L] [} ] 0 29 Qg 20 &a
Tiena (min,) Tima (min.}

Figure 8: Bath Control Volume Furnace Compounds - Base Case
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Figure 10: Furnace Off-Gas Volumetric Flow

energy in the furnace. If the CO/CO; ratio is high, then
the furnace is producing a great deal of carbon monoxide
and has room for improvement by combusting some CO.
The utilization of iron to product is a second measure of
furnace performance. A high utilization of iron is desir-
able in order to minimize the amount of iron in the slag.
A third measure of furnace behavior is the peak off-gas
volurmetric flow,

Most furnace gas cleaning systems are sized according
to the estimated peak off-gas flow, so if the peak flow
is lowered, the system can be sized to be smaller. The
peak flow is a function of both the fourth hole gas flow

and the fourth hole Ha and €O concentrations. The
combustibies content of the gas is important because it
determines the amount of infiltration air required at the
combustion gap to burn the remaining Hy and CO. It
is therefore necessary to minimize both the fourth hole
off-gas flow rate and the fourth hoie combustibles content
in order to minimize the peak off-gas flow rate.

The base case simulation is predicted to have a CO/CO;q
ratio of 0.756. The iron utilization is 99.92%, and the
peak off-gas volumetric flow rate is 15,700 SCFM. These
numbers ‘will be used to compare cases posed in the fol-
lowing section.

4 MODEL CASE STUDY

Using the previously discussed furnace heat as & hase
case, & series of additional simulations have been run in

order to find the effects of changing certain operating
parameters on the behavior measurements. Two of the
operating parameters that have been studied are the use
of excess oxygen in the burners and the carbon addition
rate.

A recent trend in EAF sféel-making is the use of post-
combustion to reduce the furnace energy requirements
and reduce the amount of carbon monoxide present in
the fourth hole gases. Several papers in the literature
have shown the benefits of post-combustion! 121814,
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4.1 Case 1

Orne form of post-combustion can be implemented rela-
tively simply by introducing an excess amount of oxygen
into the burner. The extra oxygen is free to enter the
free-board and combust more carbon monoxide, provid-
ing extra energy to the furnace. o

Figure 11 shows the off-gas composition profile for a
simulation which introduces oxygen at 100% excess (sto-
ichiometric) into the furnace through the burners. The
CO/COs ratio for this case is 0.651. This corresponds to
4 reduction of total CO release by 729 lb. compared to
the base case. The combustion of 729 1b. of CO will yield
915 kW-hr of energy or ,in this case, 5 kW-hr/ton of steel.
The iron utilization for this case iz 99.89%. The iron uti-
lization is lower than the base case because some of the
extra oxygen put into the furnace reacts with the bath.
The peak ofi-gas volumetric flow rate is 17,000 SCFM.
The volumetric flow rates for this and the base case are
not the same, however this case may have & lower peak
off-gas flow since it releases less combustibles. Table V
gives 2 comparison of each case examined.

An examination of the raw dasa for this case (not
shown) reveals that carbon is completely consumed ap-
proximately 32 minutes into the heat, four minutes ear-
lier than in the base case. The extra oxygen provided
through the burners makes faster carbon consumption
possible.
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Figure 11: Off-Gas Composition for 100% Excess Burner
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4.2 Cases 2 and 3

The second simulated case injects 5,000 lb. of carbon
continuously into the furnace instead of adding it all at
the beginning of the heat. The base case simulation con-
sumes the entire amount of carbon in 38 minutes, so the

injection rate used is 132 lb./min. for 38 minutes. Figure
12 shows the off-gas composition profile for this case.

The profile appears to be similar to that of the base
case, with only a slight difference in the carbon monoxide
and carbon dioxide concentrations during the first and
second charge melt-downs. The CO/CO; ratic for this
change in operation is 0.715, which is slightly less than
the base case’s 0.756. The reduction in CO is estimated
to be 276 Ib. for the entire heat or 1.5 Ib. CO/ton of
steel. This translates to 347 kW-hr or 1.9 kW-hr/ton of
savings if all of the energy remains in the furnace. The
peak off-gas volumetric flow rate for this scenario is about
15,700 SCFM, the same as the base case.

Only a small improvement in performance is observed
because the amounts of carbon and oxygen put into the
furnace have not changed. The addition of excess oxygen
through the burners will provide extra oxygen which will
reduce the CO/CO; ratic more dramatically.

The third case injects carbon over 53 minutes at a
lower rate of 94 Ib./min. The gas composition profile is
not shown, but the model predicts a CO/CO; ratio of
0.390 for this case. In the base case and case 2, oxy-
gen is the limiting reactant for the carbon combustion
reaction whereas in this case carbon is she limiting reac-
sant. Once carbon is consumed, left-over oxygen is free
to convers carbon monoxide o carbon dioxide. The peak
of-gas fiow rase for this case is 15,600 SCFM and the iron
utilization is 99.97. Iron usilization is increased in this
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Figure 12: Off-Gas Composition for Continucus Carbon
Injection

case because the period of carbon injection is 50 long that
oxygen is not able to come into contagt with the bath to
react for very long. '
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Table V: Furnace Performance Compearison

Case | Description Carbon CoICO; Fe Peak Off-Gas
Added (Ib.) Util, (%) | Flow (SCFM)
Base Case 6,000 0.756 099.92 15,700
1 100% Excess Oz in burners 6,000 0.651 995,89 17,000
2 Cont. Carbon Inj. {38 min.) 6,000 0.715 99.92 15,700
3 Cont. Carboz Inj. (53 min.) 6,000 0.390 99.97 15,600
4| 100% Exc. 02 and Cont. Inj. (35 min) 6.000 0458 §0.00 17,000

4.3 Case 4

Case 4 simulates both continuous injection (38 minutes)
and excess Op. The gas profile for this case is shown in
Figure 13. The gas composition looks similar to the base
case profile during the first charge melt-down. During
this period, carbon builds up in the BCV because there
1s not enough oxygen available to burn it all immediatety.
When oxygen lancing starts, 7 minutes into the heat, the
carbon levels immediately begin to decline. CO drops
off during the second melt-down when the BCV carbon
is almost completely depleted. Once the carban is gone,
there is plenty of oxygen available to combust any car-
bon monoxide that is produced and carbon dioxide is the
major component of the off-gas for the rest of the cycle.

The CO/CC, ratio for this case is predicted to be
0.458, a large improvement from the base case ratio of
0.756. The change in OO emissions from the base case is
1.2 tons, which translates to a potential energy savings
of 16 kW-hr/ton. This case has a peak off-gas flow rate
of 17,000 SCFM.

Gas (GCV) Profile

o
[
o

©
=
T T T ¥
. i
o mmm m e e
; ‘s
1
; .
L
ST

Gos mal. boc.

I
b
- -
f

a
]
a

Time {min.}

Figure 13: Gas Proiile for Both Continuous Carbon In-
jection and 100% Excess O

5 CONCLUSIONS

A model of the electric arc furnace has been developed
based upon a two control volume concept using equi-
librinm chemistry and dynamic material balances. Gas
transport between the two control volumes is controlled
by & convective boil-off rate and a concentration driven
mass transport. This model is able to simulate the effects
of oxygen lancing, carbon injection, burner operation, air
infilcration, and electrical power input. It predicts both
the off-gas conditions (volumetric flow and composition)
and bath chemistry.

Important components inside of the furnace are in-
cluded from all three phases: bath, slag, and gas. The
selection of the compounds to include was performed by
noting the imporzant components as well as the compo-
nents of highest population inside of the furnace.

The EAF mode] predicts a reduction of the otal car-
bon monoxide released from the furnace when excess oxy-
gen is introduced into the furnace through the burrners.

A small reduction in the carbon monoxide release is
predicted from continuously injecting carbon instead of
adding large amount at once.

6 FUTURE WORK

The development of this EAF model is on-going and
therefore we have several plans for improvement and mod-
ification. Experirnental verification of the mode! is essen-
tial to the improvement of its accuracy. It is the authors’
intention to obtain operating data from as many different
furnaces as possible in order to ensure good generaliza-
tion by the model to different furnace sizes and practices.

An energy balance around the furnace is also cur-
rently under formulation. With the energy balance in
place, the model is expected to provide even more prac-
tical information on the operation of the furnace. The
energy balance is planned to include heat transfer terms
that correspond to losses to the water cocling system
and the transfer of energy to unmelted scrap in addition
to energy terms for the additicn and removal of mass
from the furnace. The fully implemented energy balance
model will be able to predict bath temperatures as well
as the energy demand and time needed to reach tapping
conditions.

After the complete furnace model has been verified
and calibrated, an investigation into the optimal oper-
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ation of the furnace will be performed. The method of
dynamic optimization will be used on the model to pre-
dict the best operating strategies to achieve specific per-
formance objectives. Performance objectives can include
one or several goals such as reducing tap-to-tap times,
reducing total C'O emissions, minimizing the total elec-
trical input to the furnace, or a weighted sum of multiple
objectives.

The end goal of shis research is to have a general
model that practitioners can use to predict bash and gas
conditions as well as to find better operating strategies.
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