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ABSTRACT

Tenova Goodfellow Inc., a word-leader in the use of off-gas monitoring
and analysis for control and optimization of EAF steelmaking furnaces,
has expanded the application of their Expert Furnace System Optimization
Process (EFSOP®) to BOF steelmaking. Through a three-year funding
supported by Sustainable Development Technology Canada (SDTC),
Tenova Goodfellow is also implementing the technology in other high-
temperature combustion based processes, including BOF steelmaking.
SDTC is a not-for-profit foundation that finances and supports the
development and demonstration of clean technologies. The first EFSOP®
system for the BOF has been installed in a 165 ton converter using
approximately 75% hot metal and 25% scrap. |Initially, end-point
detection, based on off-gas analysis, is the key goal for the installation..
A reliable method of determining temperature and carbon end-point provides
the benefits associated with minimizing the number of turn-downs and
re-blows and subsequently provide the steelmaker with: increased
yield; increased productivity through a reduction in heat time; and a
reduction in green-house gas emissions. A second phase of the project
will focus on the use of EFSOP®, in combination with a slag-splashing
refractory management system, a modified dual-flow lance design and
an advanced slop detection system to maximize recovery of chemical
energy through post-combustion. This paper reports on Tenova
Goodfellow’s progress to date and details some preliminary results of
off-gas based BOF modeling efforts and their use for end-point detection.
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INTRODUCTION

e Goodfellow Expert Furnace System Optimization Process

(EFSOP®) is a dynamic control and optimization system,

originally developed for the electric arc furnace (EAF) that is

based on the real-time measurement of off-gas composition and

process data.™s. Through funding provided, in part, by

Sustainable Development Technology Canada (SDTC), EFSOP® is being

applied to BOF steelmaking, Cement and Thermal Power industries.

SDTC is a not-for-profit Canadian foundation created to foster the

development and transfer of leading edge technologies to improve energy
efficiency and reduce green-house gas emissions.

The first EFSOP® system for BOFs has been installed and commissioned
on a 165 ton converter that supplements 120 ton hot metal charges with
45 tons of scrap to produce high performance steel for the automotive
sector. The first phase of the work focused on using off-gas analysis to
improve end-point detection. A reliable method of determining temperature
and carbon end-point provides the benefits associated with minimizing the
number of turn-downs and re-blows; and subsequently provides the
steelmaker with: increased yield; increased productivity through a reduction
in heat time; and a reduction in green-house gas emissions.

Once end-point detection has been implemented, future efforts will focus
on providing optimal control of oxygen rate and lance height over the
course of the heat; in response to process measurements, off-gas
composition, temperature measurements and modeled process parameters
(bath and slag composition). In a second phase of the project EFSOP®
will be used, in combination with a slag-splashing refractory management
system, a modified dual-flow lance design and an advanced slop detection
system to maximize recovery of chemical energy through post-combustion.

Typically, this particular plant re-blows approximately 13% of their heats.
A survey of the reasons attributed to re-blows over the period extending
from June 2007 to November 2007 indicated that carbon and temperature
were the main reasons for reblows. The full analysis is shown in
Figure 1. Specifically, 64% percent of re-blows were found to be due
to temperature; 19% due to carbon end-point; approximately 9% due to
phosphorus and sulfur, and the remained 7% were due to Meltshop
logistics. For example, delays downstream of the BOF may require that
a heat is held for a period of time. In some cases, re-blows are required
to bring the temperature back up before tapping.
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Figure 1. Distribution of the attributed cause of re-blows

Regardless of the cause for re-blows, turn-downs dramatically affect yield.
Figure 2 is a plot of reported yield as a function of the number of turn-
downs for high and low carbon heats. In both cases, the data indicates
that yield is reduced by approximately 1.5% per re-blow. The number
of turn-downs, and subsequent re-blows also affects productivity.
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Figure 2: The relationship between turndowns and yield

It is estimated that an increase in yield of one percent could correspond
to a reduction in CO, emissions of approximately 4.95 kilo tonnes per
year (ktly) for a shop with an annual production of 2.8 million metric
tonnes (Mtly). This is summarized in Table I, where included in the
analysis is also the expected reduction in CO, emissions provided by a
1% increase in scrap. The expectation being that increased post-com-
bustion inside the vessel would provide enough additional energy to
allow for an increase in the scrap to hot metal ratio. Combined, an
increase in yield by 1%, along with an increase in scrap usage, also by
1%, would reduce CO, emissions by approximately 10 kt/y (for a 2.8
Mtly shop).

EFSOP® AS APPLIED TO OXYGEN STEELMAKING

Figure 3 is a schematic representation of the EFSOP® system applied to
the BOF. From a hardware consideration, the system includes the
following components:

* A water-cooled off-gas sampling probe

e The EFSOP® gas-analysis system

« Supervisory Control and Data Acquisition (SCADA) system

* Passive infrared gas pyrometer for off-gas temperature measurement.
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Figure 3 : Schematic of the EFSOP® system applied to the BOF

Table 1 : Estimated reduction in CO, emissions for reduction in yield and increased post-combustion

Standard Increased Increased Combined
Operation Yield PC
Yield (%) 86.6% 87.7% 86.6% 87.7%
Charge material (Mt/y)" 3.233 3.193 3.233 3.193
Hot Metal (%) 75.0% 75.0% 74.0% 74.0%
Scrap (%) 25.0% 25.0% 26.0% 26.0%
Carbon from HM (kt/y)?® 106.70 105.36 105.27 103.95
Carbon from Scrap (kt/y)® 0.97 0.96 1.01 1.00
Total Carbon (ktly) 107.67 106.32 106.28 104.95
CO, Savings (ktly) 4.95 5.07 9.96
(1) annual production = 2.8Mtly
(2) assuming carbon in hot metal =4.40%
(3) assuming carbon in scrap = 0.12%

July 2008

STEEL & METALLURGY




TECHNOLOGY

A patented, water-cooled sampling probe, designed to withstand the harsh
steelmaking environment, is installed through a port in panels of the BOF
fume system. The probe is located sufficiently downstream of the
combustion gap to ensure that the sampled gases are completely mixed
and combusted. The extracted gases are drawn through a heated sampling
line to the EFSOP® gas analysis and conditioning system where they
are analyzed for oxygen (O,), carbon dioxide (CO,), carbon monoxide
(CO), and hydrogen (H,). Two infrared pyrometers, one located at the
combustion gap and a second one at the downstream sampling location,
are used to measure the temperature of the off-gas. The EFSOP®
analyzer was installed and commissioned in late 2006 and has been
operating and collecting process data with over 99% reliability.

In addition to sampling and analysis, the EFSOP® analyzer performs a
secondary function of controlling the back-purging of the sampling circuit.
To ensure a valid off-gas sample throughout the blowing period, the system
is only purged during natural breaks in the process (e.g. during charging
and tapping).

Composition measurements, as well as operational alarms and outputs
from the analyzer are linked to the plant's PLC network. The EFSOP®
SCADA (Supervisory Control and Data Acquisition) computer is linked to
the same network and reads and logs off-gas data, as well as all relevant
process data at a frequency of one second. In total over 300 BOF
parameters are sampled and logged in real time. Both historical and real-
time plots of the data are made available to the operator. Off-gas data,
process data as well as EFSOP® system alarms are emailed to Tenova
Goodfellow’s office in Mississauga Canada allowing process engineers to
follow the operation remotely. Process models operating on the EFSOP®
SCADA computer provide real-time feedback to the operator, indicating
when the end-point has been reached.

Figure 4, is a plot of the measured composition and temperature of the
off-gases measured for one complete heat. This plot is typical and varies
little with respect to pattern from one heat to the next. In general, the
measured off-gas temperature hovers between 1600 and 1800 degrees
Kelvin for most of the heat with a sharp decrease at the end of the heat.
Complete combustion has been observed for all heats as there is
essentially no hydrogen or carbon monoxide in the off-gas at the
downstream location. At the start of the heat, carbon dioxide ramps
upwards as the lance is lowered and decarburization begins. The slight
delay is attributed to the combustion of elements with higher affinity for
oxygen (e.g. Si, Mn). Near the conclusion of the heat, the carbon
dioxide concentration and temperature fall rapidly as carbon is depleted.
The pattern is mirrored in the oxygen curve.
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Figure 4: A profile of the measured downstream off-gas

composition and temperature for a typical heat
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END POINT DETECTION

A primary objective in oxygen steel-making is to achieve the desired
turn-down temperature and grade chemistry at the lowest cost and shortest
possible time. To do so, operators rely on standardized BOF practices
and charge calculation models to operate their BOF. These charge
models are static mass and energy balances. Initial conditions (scrap
and hot metal temperature and composition) and desired end-point conditions
of the bath and slag are used to calculate the total oxygen and fluxes
required. These calculations are used not only to define the operating
practice, but also as an indication of when the desired end-point is expected
with respect to the total amount of oxygen blown into the steel bath.

In practice, charge models are limited in the ability to accurately predict
end-point because they do not take into account the dynamics of the
process over the course of the blow. End-point accuracy is also affected
by uncertainties in the inputs (e.g. initial temperature, mass and composition
of the hot metal). Until now, operators have relied on their charge model
as a guide to signal the end of the blow. Other cues, such as the
change in the color of the flame at the mouth of the BOF and a
characteristic drop in the steam flow in the fume system cooling panels
indicate when carbon in the steel bath has been depleted.

Due, in part to the difficulty in predicting end-point carbon, many plants do
not operate a “catch-carbon” practice. That is, they aim to achieve
temperature and phosphorus end-point by typically over-blowing the heat
with respect to carbon and then adding carbon back into the ladle as
required to meet specifications. A heat is stopped when the oxygen
consumption has reached the level indicated by the charge model. At
that point the operator turns down the vessel and takes a measurement of
temperature. A sample of steel is also taken and sent to the lab for
analysis. Tapping is initiated if the heat meets grade. If the heat is low
in temperature or high in carbon, the vessel is returned to the blowing
position and oxygen blowing is re-initiated. In some cases, a second, or
even third “turn-down” may be required.

Chukwulebe, Robertson and Grattan® reviewed various methods for end-
point detection currently used throughout the ArcelorMittal group and reported
that the effectiveness of each method varied from shop to shop depending
on local practices. The methods reviewed are not unique to ArcelorMittal
and are typical in the industry. A common theme among the methods is
the practice of sampling the bath at near-end and concluding the heat
according to the intermediate measurements of bath composition and
temperature. Dynamic models of the decarburization reaction are used to
complete the heat and to determine the end-point. The effectiveness of
these practices depends on the accuracy of the dynamic models and the
ability to accurately model the kinetics of the decarburization reactions.

The kinetics of decarburization is driven by the rate of mass transfer of
dissolved carbon to the reaction interface between liquid metal and iron
oxide. At high carbon concentrations (approximately greater than 0.3%),
the mass transfer rate is high enough that the rate of decarburization is
controlled by the rate of oxygen supply to the steel bath. Below this
concentration, the rate of mass transfer is insufficient to react with all of
the injected oxygen and so the rate of decarburization is governed by the
rate of carbon diffusion to the reaction interface’

The EFSOP® strategy for end point prediction builds upon the common
practice of using charge models and dynamic models to predict and
gauge end-point with one fundamental improvement; this being the use of
dynamic, real-time off-gas composition to improve the predictive ability of
the process models.

DYNAMIC MODELING OF THE BOF

The ability to predict end-point accurately relies on a reliable dynamic
model of the BOF process and the ability to elucidate from the analysis
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of the off-gas the properties of the bath and slag over the course of the
heat. Static models assume that either all of the blown oxygen participates
in bath/slag reactions, or assume a constant oxygen efficiency factor to
account for a fraction of the oxygen that does not participate in the bath/
slag reactions; but instead goes to post-combustion of CO in the free
volume of the BOF vessel. In actuality, the fraction of blown oxygen
attributed to post-combustion (and therefore does not participate in bath/
slag reactions) varies not only from heat to heat, but more importantly
over the course of the heat. Variability in the efficiency with which
oxygen is delivered to the bath is not unexpected and is affected by
many influences, such as: lance wear, variations in the height of the
lance, variations in the lance rate, refractory wear, etc.

Figure 5: Control volume for the determination of mass/energy
balances of the free volume of the BOF

The relative lance efficiency is calculated by defining a control volume
encompassing the gas phase within the free volume of the BOF as
shown in Figure 5. An oxygen balance over this volume gives the
total rate of oxidation (carbon, silicon, etc.) A carbon balance gives the
rate of decarburization. The difference between total oxygen attributed to
oxidation, and oxygen returned to the control volume is the rate of oxide
formation (FeO, SiO,, etc.). The calculation is performed dynamically
over the course of the heat and depends on knowing the composition
(0,, CO, CO,) and the absolute rate of off-gas leaving the mouth of the
vessel.

To this end, a second control volume is defined as illustrated in Figure 6.
With respect to this second control volume, balances for carbon, oxygen
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and nitrogen make it possible to calculate the fractions of air and off-gas
corresponding to the measured downstream composition (provided by
EFSOP® analyzer). Using assumption of thermodynamic equilibrium and
the actual measured off-gas temperature at the combustion gap provides
the basis for calculating the composition of the off-gas leaving the mouth
of the BOF vessel.

Finally, an internal energy balance (Bernoulli's method for flow
calculation), provides a relationship for total flow rate. The static
pressure at the downstream location is measured while the density is
calculated. The flow calculation is affected by mechanical and heat
losses, and so the relationship is tuned by numerical integration of
total carbon leaving the BOF; where total carbon is given by the
difference between starting carbon in the hot metal and the final carbon

Figure 6: Control volume for the determination of downstream flow
rates, air rate entering combustion gap and the off-gas rate leaving
the mouth of the vessel

at tap. The calculated flow is further confirmed by an overall oxygen
balance and its comparison to slag composition and end-point oxygen
dissolved in the bath.

PRELIMINARY RESULTS FOR END-POINT PREDICTION

The model, based on real-time dynamic measurements (and not assumed)
off-gas composition and temperature, provides important dynamic
information about the steel making process. For instance, the molar
rate of off-gas leaving the mouth of the vessel, along with the molar
rate of air entering the combustion gap is shown in Figure 7. The
figure illustrates a common pattern noted wherein the off-gas rate
increases once the majority of the species with higher affinity for oxygen
than carbon (e.g. Si, Mn, etc.) have been oxidized. At the end of the
heat, as carbon is almost depleted, the decarburation rate decreases,
more FeO is generated and consequently the off-gas flow rate decreases
sharply. The rate of air entering the fume system at the combustion
gap is also related to the rate of off-gas drawn from the vessel. As the
off-gas rate and temperature increase, the rate of air entrained through
the gap decreases.
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Figure 7. A typical profile for one heat, showing the combustion air
and off-gas flow rates calculated directly downstream of the

combustion gap

The composition of the off-gas at the mouth of the vessel is calculated
based on the assumption of equilibrium and measured temperature at the
mouth of the vessel. The fraction of air in the downstream sample is
accounted for by a nitrogen balance. The result for a typical heat is
shown in Figure 8. As illustrated, the concentrations of CO and CO, are
not constant over the course of the heat; varying instead from 75% CO,
25% CO, to 15% CO, 85% CO, at the mouth of the combustion gap.
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Figure 9: A profile of the oxygen consumption distribution for a

typical heat.

With the off-gas rate and the distribution of the injected oxygen deter-
mined, an overall energy balance may be calculated; as shown in Fig-
ure 10. The enthalpies of reaction and solution, and the heat capacities
were taken from a variety of literature resources. Sensible losses for the
off-gas are calculated directly (not estimated). The amounts of metallics
(Si, Mn, Cr, P) come from the initial composition of hot metal and
assumed values for scrap. For this calculation, the actual temperature
and final composition were used.

Figure 8: Calculated composition of off-gas leaving the mouth of the

BOF vessel for a typical heat.

The rate and composition at the mouth of the vessel, along with a
balance of carbon and oxygen taken over the free volume of the BOF
vessel permits the calculation of the rate of decarburization, oxidation
(slag formation) and post-combustion inside the vessel. Results for a
typical heat are provided in Figure 9. The plot is stacked to show the
relative fraction of the total blown oxygen that can be attributed to
decarburization, post-combustion and oxygen going for slag formation.
Note that although the rate of oxygen injection remains fairly constant
over the course of the heat, the relative fractions do not. As expected,
relatively large values for slag formation are noted at the start of the heat
and at the end of the heat. The large spike at the start of the heat is
attributed to the preferential oxidation of silicon.
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Overall carbon, oxygen and energy balances were used to fine-tune the
algorithms for end-point carbon and temperature. Once tuned, the models
were tested and validated by comparing the predicted values to the
actual first turn-down measurements reported by the plant. For example,
Figure 11 is a plot of the predicted temperature plotted against the actual
measured temperature at the first turn-down. The standard deviation of
error was found to be 23 degrees Kelvin. Figure 12 is a plot of the
distribution of the statistical error made in the prediction of carbon (calcu-
lated as the difference between measured and predicted carbon). Notice
that, for 75% of the heats, the error of the carbon prediction compared
with the measurement is lower than 0.009 points percent. These results
are preliminary and are expected to improve even further with further
fine-tuning of the models and a sensitivity analysis for to flush out the
affect of measurement error in the inputs to the model.
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Figure 11: The correlation between predicted temperature and actual
temperature (measured at first turn-down)
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Figure 12. Percent distribution for end-point carbon prediction

CONCLUSIONS AND FUTURE WORK

Initial results using real-time off-gas analysis with dynamic process
modeling for end-point prediction show great promise. Further work
is necessary for tuning in order to improve the already reasonable
predictions for end-point temperature and carbon. A sensitivity
analysis is needed to investigate the affects of measurement errors
in the inputs and the affect they have on the predictive ability of the
model. This analysis should identify areas of focus for further
model refinement.

It has been noted that the predictive ability of the model is greatly
affected by deviations from the typical rate of oxidation and
decarburization observed for most heats. It is the occurrence of
these outlier heats that make end-point prediction challenging.
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Fortunately, the off-gas analysis provides a clear indication of periods
when decarburization or the rate of oxidation has deviated from the
norm. Accuracy in achieving end-point conditions can be greatly
enhanced by implementing the dynamic control of the lance height
and flow in feed-back response from the off-gas analysis and
models.

Given the promising results to date from the offline validation of the
models, the plan is to implement the end-point temperature and
carbon prediction models online as soon as possible; with trials for
evaluation conducted in the next coming weeks. As temperature
and carbon account for most of the re-blows the model is expected
to have a significant affect in the reduction in the number of
turndowns and subsequently yield and productivity.

Investigative efforts are underway towards an additional objective
that has not been addressed in this paper; that being, the ability to
also predict phosphorus end-point. Ultimately, a dynamic model of
the slag and steel composition, calculated in real time over the
course of the heat is needed. This off-gas based model will be
used not only for end-point prediction but also as a basis for dynamic
control of lance height and oxygen flow. This is necessary for the
subsequent phase of this project where TENOVA GOODFELLOW
intends to expand the project to include the control of post-combustion
within the BOF. The EFSOP® system, along with the
implementation of a new dual-flow lance, and a slag-splashing
program is expected to provide increased production capacity; by
increasing the scrap to hot metal ratio past the current limits of the
hot-metal short operation. Furthermore, significant economical
benefits (both in yield and productivity), as well as environmental
benefits coming from a reduction in the amount of CO, released per
ton of steel produced are expected.
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