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INTRODUCTION

For the production of stainless steels in the Bochum steel plant of Krupp Thyssen Nirosta, scrap and alloys are
molten in an AC electric arc furnace of 150 t tap weight. Feed metal from the furnace is decarburised and
desulphurised in two 75 t top lance AOD converters .

Within the AOD process control system, which is shortly described below, one converter has been equipped
with exhaust gas measurement devices. The paper deals with metallurgical process observation by means of
carbon and oxygen balances and describes some features to improve the dynamic control of the AOD process.

PROCESS CONTROL SYSTEM

The process control system for refining of high-chromium steels in the AOD converter comprises process
observation as well as control of blowing, addition of alloys, additives and reduction materials %. The structure of
the control system with its essential functions is shown in Fig. 1. The process observation uses measured values of
e oxygen and argon/nitrogen input rates

e flow rate and composition of the exhaust gas
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e material additions from the bins

o steel temperature measured with the sub lance

e steel analysis from the laboratory computer

which are transmitted from the level 1 measuring and
control system.

The actual process state is calculated from these values
by means of carbon, oxygen and energy balances,
starting from the initial state of the heat at beginning of
blowing. The process state is defined by steel and slag
weight and composition as well as steel temperature.

The rates of decarburisation and chromium oxidation
as well as carbon content and steel temperature are
displayed on a graphic screen at the control panel, pro-
viding useful information about the process behaviour.
Other screens display flow rates and consumption of

all process gases and serve for the dialog between
converter operator and computer.

f !

| Level 1 Measuring and Control System|

On basis of the observed process state, setpoint values
for the flow rates of oxygen and inert gas through
lance and tuyeres are calculated. Alloys for adjustment
of the aim analysis are calculated at minimal cost to-
gether with additives for reduction and desulphurisa-
tion. Addition of cooling scrap is calculated in order to
meet the final aim temperature of the heat. All setpoint
values are transmitted to the level 1 control system.

Fig. 1: Structure of the AOD process control system
METALLURGICAL PROCESS OBSERVATION

The metallurgical process observation calculates the weight and the composition of steel and slag as shown by its
block diagram in Fig. 2. The calculation starts from corresponding initial values at the beginning of blowing. The
carbon and oxygen balances are mainly based on the exhaust gas flow rate and composition. The results of the cy-
clically running balance calculations are updated after several events. In the case of material addition, its influence
on weight and composition of the melt is taken into account. When an analysis is transferred from the laboratory
computer, the calculated steel composition is adapted to the analysed one, taking into account the inputs and losses
of the different elements which occurred after the sample had been taken.

Exhaust Gas Measurement
The exhaust gas system of the AOD converter is schematically shown in Fig. 3 together with measured vari-

ables. The sample for analysing the exhaust gas composition is taken from the clean gas in the stack. The CO
and CO; concentrations are measured on the basis of infrared absorption, the O, concentration measurement uses
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Fig. 2: Block diagram of metallurgical process observation
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the effect of paramagnetism. The measured concentra-
tion values are subject to a time delay of about 25 sec-

onds because of the transport and preparation of the
T gas sample and the response time of the analysing
equipment. For this reason the other instantaneously
measured values are delayed by a corresponding time
before being combined with the exhaust gas concen-
trations.

The exhaust gas flow rate is measured with a differ-
ential-pressure device installed in the stack. The flow
rate value from the measuring transmitter is cor-
rected for standard conditions of dry gas, taking into
account the actual values of pressure, temperature,
density and humidity of the exhaust gas:

| o

e The temperature and the pressure are measured.

e The exhaust gas density is calculated according to
its composition. The concentrations of CO, CO,
and O, are analysed, the Ar concentration is de-

I termined from the argon input rate, and the re-

mainder is assumed to be nitrogen.

|

e The exhaust gas humidity is calculated from pres-

)

sure and temperature values measured before and
behind the fan, assuming that before the fan the

Fig. 3: Exhaust gas system with measurement

gas is saturated with water vapour from the wet
scrubbers.



Carbon Balance

The carbon balance calculates the decarburisation rate and the remaining carbon content in steel. With the variables
Ko exhaust gas CO concentration,

Koo exhaust gas CO, concentration,

Qg  exhaust gas flow rate,

Wy steel weight,

Wy 1nitial steel weight,

Cy  initial carbon content,

Wz weight of carbon from material additions,
the decarburisation rate is

dCc  12kg ( 100%
-——=—"""3"Kco +KC02)'QG' 5 (1)
dt  224m3 Wnm
the weight of removed carbon is
12 kg
Wey =—— [(Kco +Keoz) Qg -dt 2)
224 m
and the balanced carbon content is
Co 100%
C= -Wning + Wer = W, . 3
(100% Mo + Wez cvj Wy (3)

As indicated in Fig. 2, the exhaust gas flow rate is multiplied by an additional correction factor. This factor is
adapted by a smoothing algorithm after every heat, when the balanced carbon removal can be compared to that one
which is calculated from the carbon contents analysed before and after decarburisation, and from carbon input by
material additions. With this adaptation, slowly varying errors of the carbon balance are compensated, so that the
error mean value is always kept close to zero.

Oxygen Balance

The oxygen balance calculates the part of the blown oxygen which leads to an oxidation of metallic elements or, on
a minor scale, is absorbed by the melt. If it is assumed that no CO from decarburisation is post-combusted in the
converter with oxygen from the lance, the rate of oxygen for metal oxidation

Qoam =Qo28 —0.5-(Kco +Kcoz) Qg (4a)

can be calculated by a simple oxygen balance. Taking into account the possibility of CO post-combustion in the
converter, the oxygen balance is extended to

Qoam =Qo28 +0.21-Qf — (0.5 Ko + Koz +Ko2) Qg » (4b)

now also including the input of oxygen from entrained air with 21% of oxygen, and the output of pure oxygen
in the exhaust gas. With this extended oxygen balance, also the degree of CO post-combustion by oxygen from
the lance and a lance efficiency factor can be determined.
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The flow rate of entrained air is calculated by an inert gas balance, assuming that the exhaust gas contains be-
sides its analysed components only nitrogen and argon with 79% as sum of their concentrations in air:

1
Qr = m[(l ~Kco - Koz —Ko2) Qg —Qnzs ~Qamsl - )

The necessary variables for these calculations are:

Qoo OXygen input rate,

Qnpp nitrogen input rate,

Qarp argon input rate, 150

76174110

Kco exhaust gas CO concentration,
Ko, exhaust gas CO, concentration,

C I
Ko, exhaust gas O, concentration, % 100 ¢
Qg  exhaust gas flow rate. £ oer
g I
The calculated total oxygen for metal oxidation is é 50 .
partitioned to oxidation of aluminium and silicon at yeree “iner
first, and to subsequent oxidation of chromium and |l
other metallic elements with statistically determined S —
percentages of the remaining oxygen. When silicon 0 5 10 15 20 25 30 35

material is added after blowing, this calculation takes
into account the reduction of chromium oxide from
the slag by the oxidation of silicon. Together with the
carbon balance, the oxygen balance thus calculates the
changing weights and compositions of steel and slag
by decarburisation and metal oxidation, taking also
into account all material additions and the analysis of
intermediate steel samples.

exhaust gas concentrations in %

Example Heat

Measured and calculated values are given in Fig. 4
for an example heat. The upper diagram contains the

flow rates of oxygen and inert gas through the c - ]
tuyeres and the lance. The concentrations of CO, §0'15 [ \_carbon content ] 1'5\0
CO; and O; in the exhaust gas are plotted in the < <
middle. Because of intensive CO post-combustion %o 10l ] 10};
by oxygen from the entrained air, the CO concentra- 5 decarburisation rate S
tion remains below 0.2%. g i 1 8
2005 | {058
The lower diagram presents the decarburisation rate S i ]
calculated by equation (1) and the balanced carbon Uooo 1 1 1 1 1 1 00

content from equation (3). It can be seen that the 0 5 10 15 20 25 30 35
decarburisation rate decreases towards the end of the time in minutes

first blowing step with high oxygen and low inert

gas flow rates. When for the second blowing step the Fig. 4: Measured and calculated values of a heat



oxygen rates are lowered and the inert gas rates are 0.15
raised, the decarburisation rate increases by a short
peak before it decreases nearly exponentially.

oxygen reduced
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0.10 t
In Fig. 5 the decarburisation rate is plotted versus
the carbon content for the same heat as before. This
plot, called “phase diagram” in the theory of dy-
namic systems, presents the dependence of the de-
carburisation rate on the carbon content more clearly
than their plots versus time in the preceding figure. 0.00

This dependence will be discussed below in more 0.0 05 1.0 15
detail carbon content in %
etail.
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Fig. 5: Decarburisation rate versus carbon content
Process Observation Monitor

The decarburisation versus carbon diagram can be displayed on the process observation monitor at the control
panel of the AOD converter, as shown in the upper left part of Fig. 6. Alternatively the time courses of decar-
burisation and chromium oxidation rates can be displayed. Calculated steel carbon content and temperature are
shown in the upper right diagram. In the lower part, several measured and calculated values are presented.
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Fig. 6: Observation monitor for the AOD process




Statistical Evaluation

The accuracy of the carbon and oxygen balance calculation is determined after every heat, when the final steel
analysis is available for comparison. As an example, results from statistical evaluation of about 200 heats are
presented below.

Carbon balance — The balanced carbon removal from equation (2) is plotted in Fig. 7 versus that value which
is calculated with the carbon content from the final analysis:

Co Cr
= -Wpao + Wez — .
100% MO TCZ 000,

Wer Wy (6)

Cy  initial carbon content,

Wy 1nitial steel weight,

Wz weight of carbon from material additions,
Cr  analysed carbon content after AOD,
Wyt steel weight after AOD.

The linear regression between both values has a rather high coefficient R* of determination. The carbon balance
error, 1. e. the difference between both values, is zero on average, thanks to the adaptation of the exhaust gas
flow rate factor after every heat. The error standard deviation of ~5% is not high with respect to the numerous
input values of the carbon balance, i. e. initial steel weight and carbon content, weight of carbon from material
additions, flow rate and composition of the exhaust gas. But after decarburisation of e. g. 1.6% C, for the bal-
anced carbon content this results in an error standard deviation of 0.08% C which is higher than the low final
carbon content itself. It will be discussed below how the accuracy of the calculated carbon content can be im-
proved by a model based correction of the carbon balance.
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Fig. 7: Comparison of carbon removal Fig. 8: Comparison of oxygen for metal oxidation
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Oxygen balance — In Fig. 8 the balanced volume of oxygen for metal oxidation, i. e. the integrated rate from
equation (4), is plotted versus that value which is calculated with the final analysis:

Yo woorw Yt
100% MO TYZ 009,

Vooumr =2 Foy ( : WMTJ , Y=AI Si, Mn, Cr, (7)
Y

Foy stoichiometric oxygen for oxidation of element Y,

Y, initial content of element Y,

Wy 1nitial steel weight,

Wyz weight of element Y from material additions,

Yt  analysed content of element Y after AOD,

Wyt steel weight after AOD.

The coefficient R of determination is nearly as high as for the carbon balance, the error mean value is approxi-
mately zero, and the error standard deviation is about 10%. This oxygen error corresponds to an error standard
deviation of 0.13% Si for the content of silicon after reduction.

By evaluating this error it has to be considered that the oxygen balance does not include some oxygen input
from oxides in the carry-over slag of the electric arc furnace, because individual weight and composition of this
slag are not known. These oxides - together with those generated during blowing - are reduced afterwards by
oxidation of added silicon, so that they contribute to the oxygen calculated by equation (7). On the other side
this equation does not include some oxygen which may have been used for oxidation of iron, so that both miss-
ing items partially compensate each other.

IMPROVEMENT OF PROCESS OBSERVATION AND CONTROL

For improving observation and control of the AOD process, a simple model helps to understand the principal
process characteristics. Vice versa, such a model can be verified by means of the observed process behaviour.

Decarburisation Model
As can be seen from Fig. 4 and 5, the main decarburisation period is characterised by an approximately constant

decarburisation rate which is mainly determined by the oxygen input rate. In the final period of decarburisation
however, its decreasing rate depends on the distance of the carbon content from its equilibrium :

dc 1
=——=—1.C-Cp), 8
CT a1 (¢-cq) (®)
C carbon content,

Cq  equilibrium carbon content,

Tc  time constant of decarburisation.

From the equilibrium relations for oxidation of chromium and carbon results the equilibrium carbon content *:

2/3 1/3
(CrQ 'fCr) KCr 1
Kee 1, %)
fc Kc alld

(6.4




Crq  equilibrium chromium content,

fc,  chromium activity coefficient,

fc carbon activity coefficient,

K¢, chromium equilibrium coefficient,
K  carbon equilibrium coefficient,
activity of chromium oxide Cr,03 ,
Pco  partial pressure of CO.

In the abbreviation of above equation
Cq =Fco(Cr,Ni, T,a 4, )-Pco (9b)

the factor Fco depends on

e contents of Cr, Ni and other elements which affect the activities of Cr and C,
e steel temperature which has a strong effect on the chromium equilibrium,

e activity of chromium oxide which depends on oxidised chromium.

With the conversion factor
C224m° Wy
12kg  100%

between the decarburisation rate D¢ of a melt with steel weight Wy and the flow rate of generated CO, its par-
tial pressure

(10)

__ Fpc-Dc Py (11)
Fpc-De +Qp

depends on its dilution by the inert gas with flow rate Qp. For decarburisation by oxygen from the lance, the

total gas pressure is given by the atmospheric pressure P, under which AOD converters are operated. For de-

carburisation by oxygen from the tuyeres, the CO partial pressure in the ascending gas bubbles approximately

equals that one near below the bath surface, as a result of the decreasing ferrostatic pressure and the increasing

CO generation . Therefore equation (11) may be applied for the total decarburisation.

Pco

Carbon Balance Correction
When equation (8) is solved for the carbon content, with equations (9) and (11) results its non-linear relation

D¢
D¢ +Qp /Fpc
to the decarburisation rate, which is in accordance with the dependence between both variables during the final
decarburisation period shown in Fig. 5. This non-linear dependence, tending more and more towards the origin
with decreasing decarburisation rate, is typical for the AOD process. It results from the dilution of CO by the
inert gas with high flow rate, described by the fraction in equation (12).

The presented model is also valid for decarburisation of high chromium steels in the VOD process, but with a
low pressure instead of the atmospheric pressure. Because of the much lower inert gas flow rate for VOD, CO
dilution has an effect only at lowest decarburisation rates. Therefore, during most of the final decarburisation
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period, the relation between the decarburisation rate and the carbon content is strongly linear, tending to about
0.015% C for vanishing decarburisation. Based on this, the balanced carbon content can be corrected by a dy-
namically performed linear regression analysis between both variables. Applying this method at a VOD plant,
the error standard deviation of the corrected carbon content at the end of decarburisation was reduced to
0.005% C, i. e. by a factor of 3 compared to the balanced carbon content *.

Despite of the non-linear relation between the de- 40
carburisation rate and the carbon content for AOD,
the same method to correct the balanced carbon
content by linear regression was applied in a first
step. The frequency distribution of the resulting car-
bon error, i. e. the difference between the carbon
content calculated at treatment end and the subse-
quently analysed carbon content, is shown in Fig. 9
for about 100 heats. The error standard deviation is
reduced to ~0.02% C, i. e. by a factor of 4 in com-
parison to the value given above from statistical
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evaluation of the carbon balance. It is intended to calculated minus analysed carbon content in %
improve the carbon balance correction by taking into
account the AOD specific non-linear relation. Fig. 9: Error after carbon balance correction

Dynamic Blowing Control

In Fig. 10 it is indicated which parts of the total oxygen input from Fig. 4 are used for decarburisation and for
metal oxidation. When decarburisation starts to decrease a few minutes before the end of the first blowing step,
the model described above becomes valid, 1. e. according to equation (8) decarburisation is now limited by the
decreasing distance between the carbon content and its equilibrium. When oxygen input is reduced then, the
carbon equilibrium is lowered by the increased inert gas rate, see Fig. 4, so that decarburisation is enforced and
consumes some of the oxygen dissolved in steel. With the steadily decreasing distance from the equilibrium,
decarburisation is lowered more and more, and the excess of oxygen input results in metal oxidation.
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Fig. 10: Oxygen for decarburisation and for metal Fig. 11: Scheme of dynamic blowing control
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This example demonstrates that the oxygen input rate should be reduced continuously during final decarburisation,
according to its decreasing oxygen demand, in order to keep metal oxidation as low as possible. A certain excess of
oxygen for metal oxidation has however to be offered, because otherwise decarburisation would be more restricted
by a shortage of oxygen than by thermodynamic process conditions.

The oxygen control strategy is schematically shown in Fig. 11. When decarburisation decreases at the end of its
approximately constant period, dynamic oxygen control is started. The continuously decreasing oxygen demand for
decarburisation is known from process observation. The excess oxygen for metal oxidation is deduced from the
situation observed before start of the final decarburisation period and may be controlled between two extremes. The
upper limit is that the preceding amount of oxygen for metal oxidation is further provided. For the lower limit this
oxygen is reduced by the same ratio which is observed for decarburisation oxygen. The setpoint for the total oxy-
gen input rate is placed between both extremes with only one control parameter:

Q
Qoas =Qoac | 1+ (- Fg) =22ME 4 Fs - Qoo (13)
Qo2ck

Qoomk  oxygen for metal oxidation before final decarburisation,
Qoack  oxygen for decarburisation before final decarburisation,
Qoac oxygen for decarburisation during final decarburisation,
Fg parameter for oxygen input control.

In Fig. 11 the oxygen input rate was calculated with Fs = 0.1. With the reduction of oxygen, the inert gas input is
increased in order to lower the carbon equilibrium by CO dilution and to keep the decarburisation rate as high as
possible. Inert gas input is restricted to limits given by plant or process technology or by economical consideration.
The total oxygen and inert gas input is divided between lance and tuyeres by the same ratio as during the period of
constant decarburisation. When the gas flow rate for the lance becomes too small, its operation is finished.

SUMMARY

An AOD converter for stainless steel production at the Bochum steel plant of Krupp Thyssen Nirosta has been
equipped with measurement devices for the exhaust gas flow rate and CO, CO,, O, concentrations. By means of
carbon and oxygen balances, the rates of decarburisation and metal oxidation as well as weight and composition
of steel and slag are continuously calculated.

The accuracy of the balanced carbon content can be improved by using the characteristic dependence of the
decarburisation rate on the carbon content during the final decarburisation period. With dynamic blowing con-
trol according to the decreasing oxygen demand for decarburisation during this period, metal oxidation can be
minimised and the decarburisation rate can be kept as high as possible under given thermodynamic restrictions.
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