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9.1 Introduction

9.1.1 Process Description and Events

The oxygen steelmaking process rapidly
refines a charge of molten pig iron and ambi-
ent scrap into steel of a desired carbon and
temperature using high purity oxygen. Steel
is made in discrete batches called heats. The
furnace or converter is a barrel shaped, open
topped, refractory lined vessel that can rotate
on a horizontal trunnion axis. The basic oper-
ational steps of the process (BOF) are shown
schematically in Fig. 9.1.

The overall purpose of this process is to
reduce the carbon from about 4% to less than
1% (usually less than 0.1%), to reduce or
control the sulfur and phosphorus, and
finally, to raise the temperature of the liquid
steel made from scrap and liquid hot metal to
approximately 1635°C (2975°F). A typical
configuration is to produce a 250 ton (220
metric ton) heat about every 45 minutes, the
range is approximately 30 to 65 minutes. The
major event times for the process are summa-
rized below in Table 9.1.

These event times, temperatures, and chem-
istries vary considerably by both chance and
intent. The required quantities of hot metal,
scrap, oxygen, and fluxes vary according to
their chemical compositions and tempera-
tures, and to the desired chemistry and tem-
perature of the steel to be tapped. Fluxes are
minerals added early in the oxygen blow, to
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Fig. 9.1 Schematic of operational steps in oxygen steelmak-
ing process (BOF).
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control sulfur and phosphorous and to control erosion of the furnace refractory lining. Input
process variations such as analytical (hot metal, scrap, flux and alloy) and measurement (weighing
and temperature) errors contribute to the chemical, thermal and time variations of the process.

Table 9.1 Basic Oxygen Steelmaking Event Times

Event Min. Comments

Charging scrap and hot metal 5-10 Scrap at ambient temperature, hot metal at 1340°C
(2480°F)

Refining—blowing oxygen 14-23 Oxygen reacts with elements,

S, C, Fe, Mn, P in scrap and hot metal
and flux additions to form a slag

Sampling—chemical testing 4-15 Steel at 1650°C (3000°F), chemistry and temperature

Tapping 4-8 Steel is poured from fumace into a ladle,
typical size = 250 tons

Pouring slag off at fumnace 39 Most slag s removed from fumace, in some shops
slag is used to coat fumace walls

The energy required to raise the fluxes, scrap and hot metal to steelmaking temperatures is pro-
vided by oxidation of various elements in the charge materials. The principal elements are iron, sil-
icon, carbon, manganese and phosphorous. The liquid pig iron or hot metal provides almost all of
the silicon, carbon, manganese and phosphorous, with lesser amounts coming from the scrap. Both
the high temperatures of the liquid pig iron and the intense stirring provided when the oxygen jet
is introduced, contribute to the fast oxidation (burning or combustion) of these elements and a
resultant rapid, large energy release. Silicon, manganese, iron and phosphorous form oxides which
in combination with the fluxes, create a liquid slag. The vigorous stirring fosters a speedy reaction
and enables the transfer of energy to the slag and steel bath. Carbon, when oxidized, leaves the
process in gaseous form, principally as carbon monoxide. During the blow, the slag, reaction gases
and steel (as tiny droplets) make up a foamy emulsion. The large surface area of the steel droplets,
in contact with the slag, at high temperatures and vigorous stirring, allow quick reactions and rapid
mass transfer of elements from metal and gas phases to the slag. When the blow is finished the slag
floats on top of the steel bath.

Controlling sulfur is an important goal of the steelmaking process. This is accomplished by first
removing most of it from the liquid hot metal before charging and later, inside the furnace, by con-
trolling the chemical composition of the slag with flux additions.

9.1.2 Types of Oxygen Steelmaking Processes

There are basically three variations of introducing oxygen gas into the liquid bath. These are shown
schematically in Fig. 9.2. Each of these configurations has certain pros and cons. The most com-
mon configuration is the top-blown converter (BOF), where all of the oxygen is introduced via a
water-cooled lance. The blowing end of this lance features three to five special nozzles that deliver
the gas jets at supersonic velocities. In top blowing, the stirring created by these focused, super-
sonic jets cause the necessary slag emulsion to form and keeps vigorous bath flows to sustain the
rapid reactions. The lance is suspended above the furnace and lowered into it. Oxygen is turned on
as the lance moves into the furnace. Slag forming fluxes are added from above the furnace via a
chute in the waste gas hood. A process description is in Section 9.4 of this chapter.

In the bottom-blown converters (OBM or Q-BOP), oxygen is introduced via several tuyeres
installed in the bottom of the vessel, Fig. 9.2. Each tuyere consists of two concentric pipes with the
oxygen passing through the center pipe and a coolant hydrocarbon passing through the annulus
between the pipes. The coolant is usually methane (natural gas) or propane although some shops
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have used fuel oil. The coolant chemically

Oxygen|| Lance
decomposes when introduced at high tem-
peratures and absorbs heat in the vicinity,
thus protecting the tuyere from overheat-
ing. In bottom blowing, all of the oxygen
is introduced through the bottom, and Hydrocarbon

passes through the bath and slag thus cre-

ating vigorous bath stirring and formation BOF/BOP OBM/Q-BOP Oxygen
of a slag emulsion. Powdered fluxes are Top-blown Bottom-blown
introduced into the bath through the tuy-

eres located in the bottom of the furnace. Oxygen ||Lance Oxygen|[Lance  Oxygen||Lance

The first part of Section 9.5 is a process
description of the OBM (Q-BOP).

The combination blowing or top and
bottom blowing, or mixed blowing

process (Fig. 9.2 shows these variants) is Hydrocarbon I:::I
characterized by both a top blowing lance o N, or Ar
and a method of aChle_Vlng S'tlrrlng .from Top lance plus Top lance plus Top lance plus
the bottom. The configurational differ- permeable cooled bottom uncooled
elements tuyeres bottom

ences in mixed blowing lie principally in
the bottom tuyeres or elements. These
range from fully cooled tuyeres, to
uncooled tuyeres, to permeable elements.
Section 9‘5, summanzqs further details Fig. 9.2 Methods of introducing oxygen and other gases into the
about combination blowing processes. steelmaking converter.

Combination blowing
also called: top & bottom or mixed blowing.

9.1.3 Environmental Issues

The oxygen steelmaking process is characterized by several pollution sources and most require
emission control equipment. These sources are: hot metal transfer, hot metal desulfurization and
skimming of slag, charging of hot metal, melting and refining (blowing), BOF tapping, handling
of dumped BOF slag, handling of fluxes and alloys, and maintenance (burning of skulls, ladle
dumping. etc). Thus, compliance to emission standards is an important design and operating cost
factor for the operation.

9.1.4 How to Use This Chapter

The process falls into several basic component parts which determine important control and eco-
nomic parameters. Accordingly, this chapter is organized into the process component headings of
Sequence of Operations, Raw Materials, Process Reactions and Energy Balance, Variations of the
Process, Process Control Strategies, and Environmental Issues.

The use of this chapter depends on your level of knowledge and interest in the details. It is geared
to bring together several more detailed chapters, such as furnace design, refractory practices, oxy-
gen lance design and physiochemical principles, and to describe how these underlying factors con-
tribute to the oxygen steelmaking process. If you are a steelmaking novice, reading this chapter
first is a good way to get a brief, yet coherent description of the process. Once you have the big
picture, then it is easier to focus on the chapters on detailed design and first principles. If you are
more experienced and want to review or deal with a specific issue, you may turn directly to one of
the component sections or to one of the underlying principle chapters.

A note on References: The material for this chapter is an assimilation of many different sources.
For continuity, rather than specifically cite every source, the references are listed at the end of the
chapter both as a source acknowledgment and as a supplemental reading list. This list is organized
in the same chapter section format. The references are numbered for citing figures and tables.
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9.2 Sequence of Operations—Top Blown
9.2.1 Plant Layout

To understand the sequence of the oxygen steelmaking process, one must examine the design, lay-
out and materials flow of the facilities. Figs. 9.3, 9.4 and 9.5 show a 275-ton BOF that illustrates
the process. Shops vary considerably in basic layout. Reasons for these layout differences are: type
of product (ingots, cast product or both), the parent company’s operating and engineering culture,
the relationship of the infrastructure and material flows to the rest of the plant, and age of the facil-
ity. (Is the plant an updated older facility or a new greenfield site?) Flow of materials plays a key
role in the design of the shop. Handling of raw materials (scrap, hot metal, fluxes, alloys, refracto-
ries), oxygen lances in-and-out, slag handling, gas cleaning, and transport of steel product must be
accomplished smoothly with minimum delays and interference.

Fig. 9.3 is a plan view of a two-furnace shop and Fig. 9.4 is an elevation of the same plant but look-
ing to the west. Figure 9.5 is an elevation looking to the north. BOFs, OBMs (Q-BOPs) and other
variants can have similar layouts except for oxygen conveying and flux handling details. All shops
feature transportation systems for hot metal and scrap.

9.2.2 Sequence of Operations
9.2.2.1 Scrap Handling

Scrap for a heat is ordered and prepared well in advance of actually charging the furnace. It is
selected according to size and quality and then is brought into the plant via railroad cars, usually
gondolas. It is loaded and mixed into an open ended scrap box which sits on a transfer car. Loading
the box is usually done by magnet or grapple crane in a remote area from the shop. The box/car is
frequently weighed during loading. Some shops use a crane scale to weigh and accumulate each
magnet load. Weights are entered into the shop computer when the loading is completed. The trans-
fer of scrap from rail cars to charging box is done in an attached bay to the BOF shop which is large
enough to handle eight to 24 hours of scrap supply. The scrap box is then conveyed by rail to the
charging aisle. A few shops use rubber tired platform carriers rather than rail cars to move the scrap
box into the shop.

9.2.2.2 Hot Metal Pouring

The hot metal system consists of a track(s) and one to three pouring stations. The liquid pig iron
arrives from the blast furnace in a train of torpedo shaped, refractory lined railroad cars called sub-
marines (subs) or torpedoes. Each car is positioned over a track scale and weighed prior to pour-
ing. There is a trunnion at each end of the car which allows the operator to rotate the open top
toward a transfer ladle located in an adjacent pit. Generally, it takes one or two subs to fill the hot
metal transfer ladle. The control room or operator’s pulpit is equipped with controls for rotating the
sub, operating the ladle transfer car, reading scales, taking temperatures, desulfurization equip-
ment, and sending samples to a chemistry lab. The pouring operation, which generates consider-
able dust emissions, is accomplished under an enclosed hood equipped with an evacuation system
and a baghouse. The dust generated at pouring, called kish, is mainly fine flaked graphite which
precipitates from the carbon saturated metal as its temperature drops during pouring. The poured
weights and measured temperatures are entered into the shop process control computer.

9.2.2.3 Hot Metal Treatment

The hot metal transfer ladle sits on a transfer car at the outside wall of the charging aisle, usually out
of the crane’s reach. Here many shops treat the hot metal by injecting a mixture of lime and magne-
sium to remove sulfur. This process is called hot metal desulfurization. During hot metal treatment,
sulfur is removed from approximately 0.025 wt% to as low as 0.002 wt% and the time of injection
will range from five to twenty minutes. A gas collecting and filtration system collects the fumes from
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the desulfurization process as well as collecting the pouring fumes. After desulfurization, the ladle
is tilted by the crane or in a special cradle just to the point of pouring. In this position, the sulfur
containing slag floating on the iron is scraped off into a collection pot using a hydraulic manipu-
lating arm. This slag removal process is called skimming. Often, much metal is scraped out of the
ladle along with the sulfur containing slag. Thus there is an iron yield loss due to deslagging that
ranges from 0.5 to 1.5% depending on equipment design and operator skill. Hot metal temperature
is measured using disposable thermocouples mounted on a mechanical arm called a pantograph.
When the hot metal pouring and treatment are finished, the ladle car moves into the charging aisle
and the ladle becomes available for pickup and charging by the charging crane. Details of hot metal
treatment are found in Chapter 7.

9.2.24 Charging the Furnace

The BOF furnaces are open-topped, refractory-lined vessels located in the adjacent aisle called the
furnace aisle. The furnaces rotate on trunnions so they can be tilted both toward the charging and
tapping aisles. The furnace refines the steel in an upright position although it is capable of rotat-
ing 360°. The furnace aisle contains the furnaces, flux conveying system, furnace alloy chute and
oxygen lances in a top-blown shop. Here, the furnace aisle is very high to accommodate loading
and operation of 60—70 foot long oxygen lances. There is a space and capital cost advantage of an
OBM (Q-BOP) that does not require the high elevation for lances.

In nearly all North American shops, scrap is charged first. Many shops lift and tilt the box empty-
ing the scrap into the furnace with the charging crane. Charging scrap before hot metal is consid-
ered a safer practice that avoids splashing. The crane method usually has faster scrap charging
times. However, many shops load the scrap boxes onto special charging machines that can move
on rails in front of the furnace. This scrap charging machine has a hydraulic tilting mechanism that
raises the scrap box to 45° and charges them one at a time. It usually holds two scrap boxes. While
the scrap charging machine is often slower than the crane, it frees up the charging crane for other
duties and more quickly handles two box charges per heat when required.

After scrap is charged, liquid hot metal is charged into the furnace using the charging crane in the
charging aisle. The ladle is tilted and the liquid hot metal is poured into the furnace. This process
takes one to five minutes depending on the design of the furnace hood and shop fugitive emission
systems. Some shops can charge quickly because the fume from pouring into the furnace is
effectively collected by the hood and a closed roof monitor collection system. Other shops with
less advanced fume collection systems, must pour rather slowly to minimize the heat and fume
cloud, thus taking a lengthy three to five minutes to charge hot metal.

9.2.2.5 Computer Calculations

Prior to pouring hot metal and charging scrap, a computer calculation is initiated by the pulpit oper-
ator to determine the charge recipe. The grade and temperature and chemistry aims are loaded into
the shop computer beforechand when a heat is put on the schedule line-up. The temperature and
chemical content of the hot metal can vary significantly. The hot metal is sampled and analyzed at
the chemistry lab—a process that takes from three to ten minutes—and the results and ID are trans-
mitted to the computer. The temperature of the hot metal is measured in the ladle after it is poured
and that result is transmitted to the computer. The chemistry of the scrap is calculated from the
known mixture of the scrap; its temperature is assumed to be ambient. Thus, all of the characteris-
tics of the charged materials and the heat aims are available for the charge recipe calculation. The
principal aim parameters for the furnace heat are carbon and temperature. Other specific aims are
sulfur, phosphorous and slag composition (%FeO level). Missing any of these aims can be very
costly later and can require time consuming corrective actions or create significant quality prob-
lems. Often, there are several update calculations as items are weighed and charged to correct for
minor weighing irregularities and mistakes. The results of these calculations are principally the
amounts of coolants, fluxes and oxygen. Most shops’ calculations have features that allow early
calculation of hot metal and scrap weights as well. All shops use the charge recipe calculation.
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Some shops have sensors (sub-lance, light meter, bomb-drop thermocouples, etc.) that measure
carbon and/or temperature near the end of the blow. The sensor’s measurements are used to make
late oxygen and coolant corrections to bring the carbon and temperature to aims. This saves time
and money by reducing the frequency of corrective actions.

9.2.26 Oxygen Blow

After scrap and hot metal are charged, the furnace is set upright and the oxygen is supplied through
a water-cooled lance. There are two lance lift carriages above each furnace but only one lance is
used at a time; the other is a spare. The oxygen blow times typically range from 13 to 25 minutes
from one shop to another with an average of about 20 minutes. The oxygen is added in several
batches. Each batch is characterized by a different lance height above the static steel bath and
sometimes by an oxygen rate change. These blowing rates and lance heights vary considerably
from shop to shop and depend on the pressure and quality of the oxygen supply. The oxygen blow
rate ranges from 560 to 1000 Nm?> per minute (20,000 to 35,000 scfm). A practical limit on the rate
is often the volume of the furnace and the capacity of the gas collection and cleaning system to
handle the gaseous reaction product and fume. A typical example of the oxygen batches is sum-
marized in Table 9.2.

Table 9.2 Example of Oxygen Batches in a BOF

Batch No. Lance Ht, in. Oxygen Volume at Lance Change, Nm 3
1 150 880
2 120 1700
3 (main) 90 alance

(to approx 14,200)

The first batch lance height is very high to avoid the possibility of lance tip contact with the scrap
and to safely establish the oxidizing, heat generating reactions. If the lance would contact the pile
of scrap in the furnace, a serious water leak could result causing a dangerous steam explosion.

The second batch lance height is usually approximately 20 to 30 inches lower than the first batch
and approximately 20 to 30 inches higher than the main batch. The purpose here is to increase the
reaction rate and control the early slag formation. This second or middle batch generates some
early iron oxide to increase proper slag formation.

The main batch is where most of the action occurs—it is by far the longest batch. The lance height
is an empirical compromise between achieving faster carbon removal rates and proper slag mak-
ing. Some shops have more than three batches. Some change oxygen conditions (blow rate and
lance height) nearly continuously. Other shops will raise the lance and change the blow rate near
the end of the main batch to control the viscosity and chemical reactivity of the slag by raising its
FeO content.

The position of the lance is very important for proper functioning of the process. If the lance is too
high, the slag will be over stirred and over-oxidized with higher FeO percentages. This will cause
higher than normal yield losses and lower tap alloy efficiencies due to oxidation losses. Further,
the rate of carbon removal is reduced and becomes erratic. Slag volume increases and there is an
increased chance of slopping, which is an uncontrolled slag drooling or spilling over the top of the
furnace. When the lance is too low, carbon removal increases somewhat, slag formation, slag reac-
tivity, and FeO are reduced and sulfur and phosphorus removal problems often occur. If the lance
is very low, then spitting of metal droplets or sparking occurs which cause severe and dangerous
metallic deposits, called skulls, on the lance and the lower waste gas hood.

Obviously, there is a correct lance height. It varies from shop to shop and depends on furnace con-
figuration, lance configuration and oxygen supply pressure or flow rate. Each shop must find its
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own best lance height and comply with it. The problem is how to measure it. It can change quickly
and significantly as a result of changes in furnace refractory shapes. Traditional measurement
methods have been burn-off tests, where a pipe is wedged in an oxygen port. The lance is then low-
ered and the pipe is allowed to melt off at the slag-metal interface. This is done while waiting for
a chemistry just before tap. This test has been erratic due to the temperature and fluidity of the slag,
time of immersion, and initial protection of the pipe. This test has fallen out of favor because it is
dangerous for the operator to attach the pipe to the lance.

More modern techniques include mathematically integrating the furnace volume from a refractory
lining laser scan or determining the distance to the bath/slag using a radar unit mounted above the
furnace. Generally, the radar method measures the height of the slag surface after it has collapsed
at the end of a low carbon blow. There is uncertainty about the location of the slag steel interface
but the measurement is considered better than none.

9.2.2.7 Flux Additions

Soon after the oxygen is turned on, flux additions are started and are usually completed at the end
of the second batch of oxygen. The fluxes control the chemistry and sulfur and phosphorus capac-
ity of the slag. The principle active ingredients from the fluxes are CaO (from burnt lime) and MgO
(from dolomitic lime). The CaO component is used principally to control sulfur and phosphorous.

The dolomitic lime is used to saturate the slag with MgO. The principle ingredient of the furnace
refractories is MgO. Steelmaking slags without it are very corrosive to the lining. The corrosion
rate is reduced dramatically when MgO is added to saturate the slag. It is much cheaper to satisfy
the slag’s appetite for MgO from dolomitic lime than by dissolving it from the lining.

Another flux addition sometimes used in high carbon heats is fluorspar (CaF,, or spar). This min-
eral is charged to dissolve the lime and to reduce the viscosity of the slag. It is used for making
high carbon heats, (>0.30%C at the end of blow) because the iron oxide concentrations are low on
these heats. Iron oxides help dissolve lime in lower carbon heats but these oxides are present in low
concentrations in high carbon heats. To compensate for less FeO, many shops use spar to dissolve
the lime. However, spar is used very sparingly because it is very corrosive on refractory linings.
Unfortunately there is no corrosion inhibiting practice or ingredient to stop the corrosive effects of
spar. In addition, spar forms hydroflouric acids in the gas cleaning system that seriously corrode
any metal surfaces in the hood and cleaning systems. Finally, significant fluoride emissions are
serious pollution and health hazards.

Coolants are other additions often made at about the same time as fluxes. There are several types
of coolants. Iron ore, either lump or pellets, are the most common type. Varieties of limestone (cal-
cium and/or magnesium carbonates) are often used but the cooling effects are less dependable than
ores. Some shops use pre-reduced pellets which contain about 93% iron and thus behave similar to
scrap. The coolant amounts are calculated by the computer. Ore (iron oxide) should be added as
soon as possible to achieve early lime dissolution and to reduce the possibility of vigorous reac-
tions and slopping at mid blow.

9.2.2.8 Final Oxygen Adjustments and Dynamic Sensors

The third or main batch is usually blown at 80 in. to 95 in. lance height above the bath depending
on furnace design, practice and available oxygen pressure.

In many shops, the oxygen lance height is changed near the end of the blow to control the iron
oxide (FeO) in the slag. Some shops activate their dynamic control systems to measure carbon and
temperatures at this point. Oxygen is turned off based on either the static charge calculation or
based on a modified result calculated from the dynamic sensor(s).
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9.2.2.9 Turndown and Testing

After the blow is finished, the furnace is then rotated towards the charging side. Often the slag is
very foamy and fills up the upper volume of the furnace. This foam will often take several minutes
to collapse and settle down on its own. Thus, the operators will often toss pieces of wood or card-
board or scrapped rubber tires onto the bath to increase the collapse of the foam.

There is a heat shield on the charging floor on a track that is positioned in front of the furnace dur-
ing the blow. The mouth of the furnace is rotated toward the charging side nearly 90° so the oper-
ator can look inside the furnace and sample the heat for chemical analysis and temperature
measurement. Here, he also assesses the furnace condition to determine when and if any special
maintenance is required.

9.2.2.10 Corrective Actions

Based on the chemical laboratory results, the melter decides if the heat is ready for tap or requires
corrective action—a reblow and/or coolant. If a corrective action is required, the furnace is set
upright. A reblow of additional oxygen may be required, with or without coolants or fluxes, to
arrive at the desired (aim) chemistry and temperature. Usually, after a corrective action, another
furnace turndown is required, adding five to eight minutes to the heat time. When the heat is ready,
the furnace is rotated upward and over toward the tap side.

9.2.2.11 Quick Tap Procedures

Japan and some European shops reduce sampling and testing times to one to three minutes by using
a quick tap procedure. Most of these shops use sub-lances to measure temperature and carbon by
the liquidus thermal arrest technique. This testing is done without moving the furnace from the
upright position. Success of quick-tap depends on consistently meeting the sulfur and phosphorus
specification. This procedure can save three to six minutes of lab analysis time. These shops sim-
ply proceed immediately to tapping the furnace. Consequently, such shops often turn out 60 heats
per day from two active furnaces.

Some North American shops have adopted a simplified variation of the quick-tap practice. A few
have sub-lances. Others use the bomb drop-in thermocouples with or without oxygen sensors.
Here a heavy cast iron bomb assembly with a specially wound and protected lead wire is dropped
into the furnace. The wire lasts long enough to get a reading. The readings are more accurate if the
oxygen is stopped but some shops get a usable reading during the blow. Again, tramp elements, S,
P and other residuals are assumed to be acceptable and tapping proceeds immediately. Some two
furnace shops use this technique to minimize production losses when one of the furnaces is being
relined or repaired.

9.2.2.12 Tapping

For tapping, the furnace is rotated to the tap side and the steel flows through a taphole into a ladle
sitting on a car below. The slag floats on top of the steel bath inside the furnace. Near the end of
tapping (four to ten minutes) a vortex may develop near the draining taphole and entrain some of
the slag into the ladle. There are various devices used to minimize or detect the onset of slag. Heavy
uncontrolled slag entrainment into the ladle has a significant adverse effect on production costs and
steel quality.

During tapping, alloys are added to adjust the composition to the final levels or to concentrations
suitable for further ladle treatment processes. Typically, 2000 to 6000 lbs of alloys are added at tap.
After tap, the ladle may be transported for further processing to a ladle arc furnace and/or a
degasser. Some shops and some grades permit transport to ingot teeming or to the caster without
any further treatments.
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An increasing number of grades require limiting the amount of slag carryover to the ladle and close
control of slag viscosity and chemical composition. Various devices have been developed to mini-
mize slag draining from the furnace. There are two main techniques. One method consists of slow-
ing down the pouring stream at the end of tap with a refractory plug. Usually a ball-shaped device,
called a ball, or a cone shaped device, called a dart, is dropped into the taphole using a carefully
positioned boom near the end of tap. These devices have a controlled density, between steel and
slag, causing them to float at the slag-steel interface. Thus, it plugs the tap at about the time steel
is drained out. These units can be very erratic depending on the geometry of the furnace, device
shape and slag characteristics. But many shops have successfully minimized slag carryover into the
ladle. Another approach is to detect slag carryover with a sensor coil installed around the taphole
refractory. With suitable instrumentation, this system gives the operator an accurate and early
warning of slag draining through the taphole at which time tapping is stopped by raising the fur-
nace. The net result of these slag control/detection practices is to reduce furnace slag in the steel
ladle, thereby improving chemical consistency and reducing the extent of post-tapping treatments
and additions.

The condition and maintenance of the taphole and the furnace wall around it can influence alloy
recovery consistency and metallic yield. Poor taphole maintenance and practice can lead to a burn-
through in either the furnace shell or the taphole support frame. A very small taphole can signifi-
cantly increase the tap time, reducing productivity, steel temperature, and nitrogen pickup in the
ladle. A very large taphole will not allow enough time to add and mix the alloy additions in the
ladle. Further, aged tapholes have ragged streams with higher surface areas that will entrain air,
which in turn dissolves more oxygen and makes control of oxygen levels in the steel difficult.

A newly installed taphole yields a tap time of seven or eight minutes. Tapholes are generally
replaced when the tap time falls below four minutes. A very important aspect of the melter/opera-
tor’s job is to carefully monitor the condition and performance of the tap hole.

Steel is often lost to the slag pot, a yield loss, when a pocket or depression develops near or around
the tap opening. Such a depression can prevent several tons of steel from being drained into the
ladle. Again, the operator must carefully monitor yields and furnace condition and make repairs to
prevent this problem.

9.2.2.13 Slagging Off and Furnace Maintenance

After tapping, the furnace is rotated back upright to prepare for furnace maintenance. The remain-
ing slag is either immediately dumped into a slag pot toward the charging side or it is splashed on
the walls of the furnace to coat the lining and thereby extend its life. This slag splashing (coating)
maintenance is done by blowing nitrogen through the oxygen lance for two to three minutes, see
Section 4.2. Often, the furnace is simply rocked back-and-forth to coat or build up the bottom,
charge and tap pad areas. Dolomitic stone or dolomitic lime additions are made to stiffen the slag
for splashing or to freeze the slag to the bottom. Frequently, repairs by spraying a cement-like
refractory slurry are made as required prior to the next charge.

The furnace is then ready for the next heat.

9.2.3 Shop Manning

9.2.3.1 Introduction

Another way of looking at the steelmaking process is to look at how the operators and workers run
the process. The shop crew is very much a coordinated team. Virtually all oxygen steelmaking shops
operate around the clock—21 shifts per week. Some are able to schedule a down or repair turn once
per week or every other week in conjunction with a similar scheduled blast furnace outage.
Similarly, the down stream caster facility will also schedule a repair outage.
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When manning is summarized, the manning levels are expressed on a per turn basis. To get the totals
for 21 turns per week (three turns per day times seven days per week) multiply the turn manning by
four and add the management, staff and maintenance forces (who work only five day turns).

The example here will cover a two furnace shop producing about 40 to 45 heats per day. Three fur-
nace shop issues and exceptions will be noted in the discussion. The actual figures in a given shop
may vary from the example presented here as different shops have different numbers of furnaces
(two or three) and different demands (steel grades and production levels).

9.2.3.2 Hot Metal

Transporting the hot metal subs to the BOF requires one man if the engine has radio control. The
pouring station has an operator who weighs and pours and an assistant who plugs in electric power
to tilt the subs and moves the train locally and changes the subs at the pouring station. If there is
desulfurizing, there will be one or two other operators to desulfurize, skim and maintain the
equipment. A three furnace shop will double this crew to operate two or three pouring and treat-
ment stations.

9.2.3.3 Charging Crane

A charging crane operator is required, often with a relief operator. Busy shops may operate two
charging cranes with a relief operator serving the charge and scrap cranes. Often one relief crane
operator serves both the charging and teeming or the casting crane.

9.2.34 Scrap

Scrap is often premixed by a contractor or a plant crew at a separate facility nearby. Gondolas bear-
ing scrap are transported into the BOF by the plant railroad. There will be one or two scrap crane
operators (depending on how many heats the shop makes) loading and weighing the boxes. The
charging crane then picks up the scrap boxes and charges them into the furnace or puts them on a
charging machine.

9.2.3.5 Furnace and Charging Floor

The overall responsibility for production of the shop during the turn belongs to the turn supervi-
sor. There is a furnace crew consisting of a melter (who is the crew leader and is responsible for
making the heat), pulpit operator who operates the computer, lance and flux systems, and two or
three furnace operators. In small, lean shops, the melter is also the turn supervisor. The furnace
operators actually position the furnace for charging, (operate a scrap charging machine if there is
one) and test the heat by sampling the heats for chemistry and temperature. They also weigh up
alloys, tap the heat and maintain the furnace refractory—all under the melter’s supervision. In
larger, high productivity shops, there may be one of these crews and a melter for each active fur-
nace. In this case, the turn supervisor coordinates all shop activities.

9.2.3.6 Flux Handling

There is a track-hopper operator who controls equipment that unloads the fluxes and alloys from
rail cars and trucks. Often there is an assistant at the unloading station at ground level, with the
operator on the top floor where the conveyer dumper is located. Generally, this operation occurs
on day turn in smaller shops or day and afternoon turns in larger shops.

9.2.3.7 Maintenance

There is an on-turn maintenance crew which responds to delay and breakdown calls and performs
certain preventative maintenance procedures that are safe during furnace operation. Usually, the
day time crew is larger to handle calls and do preventative maintenance. The maintenance crew also
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load and unload oxygen lances and maintain the oxygen system. Turn maintenance people consist
of mechanical millwrights and electricians (three to ten millwrights and electricians). The day turn
crew also includes instrument calibration, instrument repair and electronic skillspersons.

9.2.3.8 General Lahor

Often, there is a small day turn labor crew (one to three persons) which operates a forklift trucks
to transport various alloy additions for tapping and assists getting spray materials ready for furnace
maintenance. The operators also run a mechanical sweeper and hand sweep around the shop to
maintain good housekeeping.

9.2.3.9 Chemistry Lah

In older shops there is a vacuum conveyer systems where samples are transported to the chemistry
lab. Laboratory manning will vary widely depending on how centralized the lab is to the whole
plant. An increasing number of shops are installing robot labs for faster and more convenient ser-
vice of chemical analysis. However, the robot lab requires an operator whose responsibility is
supervising calibration, changing grinding media, and lubrication and maintenance of mechanical
and optical equipment. The advantages of a well maintained robot lab are speed and consistency in
sample preparation and analysis rather than labor savings.

9.2.3.10 Refractory Maintenance

Often furnace maintenance is done by the floor furnace crew. However, larger and busier shops will
have an outside contractor or a separate crew to spray repair the furnaces. This crew may operate
only during day turns and consists of two or three persons.

9.2.3.11 Relines and Major Repairs

Maintenance may schedule a crew to make hood and furnace shell repairs while relining is going
on. Often, special code welding skills (usually hood or thick shell repairs) are required and are
often done by an outside contractor. With the growth of slag splashing, which causes infrequent
relines, hood repair work must be scheduled several times between relines.

9.2.3.12 Ladle Liners

Hot metal and steel ladles are a very important component of steelmaking. Hot metal ladle life is
typically 1500 pours and a typical small shop will carry a fleet of four or five ladles of which two
or three are active. Steel ladles last from 60 to 150 heats. Steel ladle fleets may vary from eight to
25 depending on the size of the shop. Relining of ladles is usually supervised by the Teeming
Supervisor. Ladle lining crew sizes vary widely.

9.2.3.13 Management and Clerical

Finally, management and clerical staffs vary widely from shop to shop. The General Supervisor
(sometimes called Area Manager) supervises the day-to-day operation and plans the course of the
facility. Often there are separate area supervisors (five day turns per week only) covering hot metal
pouring and treatment, furnace floor operations, scrap and flux loading, and maintenance. Usually
there is a small clerical staff (one to five), a practice engineer, and a small, assigned crew of met-
allurgical or quality assurance (QA) people.

In summary, even in a small shop, the steelmaking team brings together many different skills work-
ing in concert. In addition to the production crew, there are numerous support groups, principally
maintenance, that keep the shop running smoothly. Table 9.3 summarizes the manning of a small
BOF shop.
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Table 9.3 Example of Manning a Small Two Furnace BOF Shop

Position Area Turns Number
General Supervisor Supv Day 1

Hot Metal Supervisor Supv Day 1
Furnace Supervisor Supv Day 1
Scrap & Flux Supenvisor Supv Day 1
Maintenance Supenvisor Supv Day 1
Melter Supv All 4
Maintenance Supenvisor Tum Al 4

Hot Metal Pourer Tumn Al 4

Hot Metal Assistant Tumn Al 4
Desulf and Skim Tum Al 4
Charging Crane Tum Al 8
Charging Crane Relief Tum Al 4
Pulpit Operator Tumn Al 4
Furnace Operator Tumn Al 12
Scrap Crane Tum Al 4
Track Hopper Tumn Day 2
Track Hopper Assistant Tum Day 2
Labor Tumn All 4
Maintenance Tumn All Varies
Ladle liners Day Varies
Metalurgist Staff Day 2
Clerical Staff Day 2

9.3 Raw Materials

9.3.1 Introduction

The basic raw materials required to make steel in the oxygen steelmaking process include: hot
metal from the blast furnace, steel scrap and/or any other metallic iron source(such as DRI), ore
(Fe,05), and fluxes such as burnt lime (CaO), dolomitic lime (CaO-MgO), dolomitic stone
(MgCO;—CaCO,) and fluorspar (CaF,).

Scrap, charged from a scrap box, is the first material to be charged into the furnace. The hot metal
is then poured into the vessel from a ladle, after which the oxygen blow is started. The fluxes, usu-
ally in lump form, are charged into the furnace through a bin system after the start of the oxygen
blow. The fluxes can also be injected into the furnace in powder form through bottom tuyeres.

The composition and amounts of raw materials used in the steelmaking process vary from one shop
to another, depending on their availability and the economics of the process. The basic raw mate-
rials used in the oxygen steelmaking process are described below.

9.3.2 Hot Metal

The hot metal, or liquid pig iron, is the primary source of iron units and energy in the oxygen steel-
making process. Hot metal is usually produced in blast furnaces, where it is cast into submarine shaped
torpedo cars and transported either to a desulfurization station or directly to the steelmaking shop.

9.3.2.1 Composition

The chemical composition of hot metal can vary substantially, but typically it contains about
4.0-4.5% carbon, 0.3-1.5% silicon, 0.25-2.2% manganese, 0.04-0.20% phosphorus and
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0.03-0.08% sulfur (before hot metal desulfurization).! The sulfur level in desulfurized hot metal
can be as low as 0.001%. The composition of the hot metal depends on the practice and charge in
the blast furnace. Generally, there is a decrease in the silicon content and an increase in the sulfur
of the hot metal with colder blast furnace practices. The phosphorus contents of the hot metal
increases if the BOF slag is recycled at the sinter plant.

Carbon and silicon are the chief contributors of energy. The hot metal silicon affects the amount of
scrap charged in the heat. For example, if the hot metal silicon is high, there will be greater
amounts of heat generated due to its oxidation, hence more scrap can be charged in the heat. Hot
metal silicon also affects the slag volume, and therefore the lime consumption and resultant iron
yield.

9.3.2.2 Determination of Carbon and Temperature

The hot metal is saturated with carbon, and its carbon concentration depends on the temperature
and the concentration of other solute elements such as silicon and manganese. The carbon content
of the hot metal increases with increasing temperature and manganese content, and decreases with
increasing silicon content.

It is important to know the temperature and the carbon content of hot metal at the time it is poured
into the BOF for steelmaking process control. The hot metal temperature is normally measured at
the hot metal desulfurizer or at the time it is poured into the transfer ladle from the torpedo cars.
If the hot metal temperature has not been measured close to the time of its charge into the BOF,
then it can be estimated using the last hot metal temperature measurement, in conjunction with a
knowledge of the rate of the hot metal ladle temperature loss with time, and the time elapsed
between the last temperature measurement and the BOF charge. Typically, the temperature of the
hot metal is in the range of 1315-1370°C (2400-2500°F). Once the temperature is measured or
calculated, the carbon content of the hot metal at the time of charge can be estimated using a regres-
sion equation, which is mainly in terms of the temperature, hot metal silicon and manganese.
Calculating the carbon in this manner has turned out to be as accurate as analyzing it chemically
while saving considerable lab effort.

9.3.2.3 Hot Metal Treatment

Desulfurization is favored at high temperatures and low oxygen potentials. Also, the presence of
other solute elements in the metal such as carbon and silicon increases the activity of sulfur, which
in turn enhances desulfurization. Thus low oxygen potential and high carbon and silicon contents
make conditions more favorable to remove sulfur from hot metal rather than from steel in the BOF.

Not all hot metal is desulfurized. Hot metal used for making steel grades with stringent sulfur spec-
ifications is desulfurized in the hot metal desulfurizer. The hot metal is poured into a transfer ladle
from a torpedo car. It is then transported to the desulfurization station where the desulfurizer can
reduce hot metal sulfur to as low as 0.001%, but more typically to 0.004 or 0.005%.

Typical desulfurizing reagents include lime-magnesium, and calcium carbide. Powdered reagents
are generally injected using nitrogen gas. Apart from reducing sulfur to low levels, a hot metal
desulfurizer can also allow the blast furnace operator to increase productivity by reducing the lime-
stone burden and thereby producing higher sulfur hot metal.

It is important that the slag produced after hot metal desulfurization is removed effectively through
slag skimming. This slag contains high amounts of sulfur, and any slag carried over into the BOF,
where conditions are not good for desulfurization, will cause sulfur pickup in the steel.

9.3.24 Weighing

The weighing of the hot metal is done on a scale while it is being poured into the transfer ladle. It
is very important that the weight of the hot metal is accurately known, as any error can cause prob-
lems in turndown chemistry, temperature and heat size in the BOF. This weight is an important
input to the static charge model.
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9.3.3 Scrap

Scrap is the second largest source of iron units in the steelmaking operation after hot metal. Scrap
is basically recycled iron or steel, that is either generated within the mill (e.g. slab crops, pit scrap,
cold iron or home scrap), or purchased from an outside source.

The scrap is weighed when loaded in the scrap box. The crane operator loads the box based on the
weight and mix requirements of the upcoming heat. Then the box is transported to the BOF. It is
important that the crane operator loads correct amounts and types of scrap (the scrap mix) as indi-
cated by the computer or a fixed schedule. Otherwise the turndown performance of the heat will
be adversely affected. Some typical types of scrap used in a BOF heat, and few of their properties
are listed in Table 9.4.

Normally, the lighter scrap is loaded in the front, and the heavier scrap in the rear end of the box.
This causes the lighter scrap to land first in the furnace as the scrap box is tilted. It is preferable
that the lighter scrap fall on the refractory lining first, before the heavier scrap, to minimize refrac-
tory damage. Also, since heavy scrap is more difficult to melt than light scrap, it is preferable that
it sits on top so that it is closest to the area of oxygen jet impingement and hence melt faster.

Scrap pieces that are too large to be charged into the furnace are cut into smaller pieces by means
of shears or flame cutting. Thin, small pieces of scrap such as sheet shearings and punchings are
compressed into block like bundles called bales using special hydraulic presses. Normally, larger,
heavier pieces of scrap are more difficult to melt than lighter, smaller ones.

Unmelted scrap can cause significant problems in process control. It may result in high tempera-
tures or missed chemistries at turndown. Bottom or mixed blowing, which can significantly
enhance the mixing characteristics in the furnace, improves scrap melting of larger pieces.

Stable elements present in scrap, such as copper, molybdenum, tin and nickel cannot be oxidized
and hence cannot be removed from metal. These elements can only be diluted. Detinned bundles,
where tin is removed by shredding and treating with NaOH and then rebaled, are available but at
considerably higher cost. Elements such as aluminum, silicon and zirconium can be fully oxidized
from scrap and become incorporated in the slag. Elements which fall in the middle category in
terms of their tendency to react, such as phosphorus, manganese and chromium distribute them-
selves between the metal and slag. Zinc and lead are mostly removed from scrap the bath as vapor.

Most steelmaking shops typically use about 20 to 35% of their total metallic charge as scrap, with
the exact amount depending on the capacity of the steelmaking process. Much of this capacity
depends on factors like the silicon, carbon and temperature of the hot metal, use of a post com-
bustion lance, and external fuels charged, such as anthracite coal. The scrap ratio is also influenced
by the relative cost of scrap and hot metal.

9.34 High Metallic Alternative Feeds

Direct reduced iron (DRI) is used in some steelmaking shops as a coolant as well as a source of
iron units. DRI typically contains about 88—94% total iron (about 85-95% metallization),
0.5-3%C, 1-5% Si0,, 3-8% FeO and small amounts of CaO, MgO and A1203.2 DRI may contain
phosphorus in the range of 0.005 to 0.09%, sulfur in the range 0.001 to 0.03% and low concentra-
tions of nitrogen (usually less than 20 ppm).

DRI is normally fed into the BOF in briquetted form size at approximately 1 in. The DRI briquettes
are passivated (by coating or binder) to eliminate any tendency to pyrophoricity (spontaneous burn-
ing) so that they can be handled conveniently in the steelmaking shop. DRI is usually fed into the
steelmaking furnace through the bin system.

Certain elements such as nickel, copper and molybdenum can be added to the heat with the scrap
charge. These elements do not oxidize to any significant level and they dissolve evenly in the metal
during the oxygen blow. These additions can also be made after the oxygen blow, or in the ladle
during tapping.

Copyright © 1998, The AISE Steel Foundation, Pittsburgh, PA. Al rights reserved. 491



Steelmaking and Refining Volume

G000

G000
G000

GL00

G000

800

00L0O

Gc00

LOO

LO0O
LOO

c00

LO0O

LOO

€00

€00

LOO

c00

200

800

€00

OL'0

600

900

600

*o[qnon [enudjod JO SBATE 0JEIIPUI SBATE YA

¢c00 ¢00 Ooroo 9200 0SS0 0SS0 O0Sv 3¢E6 2’06 - Slelspoul -
ligellie
Y00 900 vlLOO 0c00 SO0 OL0 O0OL0 O0Ov6 G'co Gcl desyo Ql Je}
Y00 900 Ge0O0 0c00 0S0 OL0 S00 0¢8 c'es S/ desyo Jel
UAMOPLLIN
OO Oro 000 O00L0 990 08l 00t 006 688 OS] desyo e enjoes)
é0oc <G00 Ooroo o0glo OcL  0Os'L  0OSv « Gle 006 Gcl BNSUSC0Xe gl
SNSUBAXS
/00 vO0O 0c00 O0OlLoO0 080 L0O0 GSL'0 086 /1'S6 09 Ao Ases
0S0 8L0 OO0 0800 080 O0L0 GO0 006 088 0S snsueckeul Ases
Gco 0Lo0 Ooroo @ 0c00 080 O0OL0 S0 gwe £'E6 0S ebesene Ases
600 900 Ge0O0 Gloo 080 O0L0 00 096 o6 oS Slelspoul Ases
¢l'0 600 GO0 Geoo O0OL0 O0L0 G0 gd6 96 Sy Sleepou Ases
no 1D S} d UN IS @) 94 pRIA  Ausus@g 1s0D anielRY Bunpin
AIng

[e1oul 101

SIN>s pue
Sd0JO BUWIOH

1d sWoH

SBULIOQ uoUl
panenbug

deios Oejs
Bupewuoy|
Busysng
|l 'ON
sspung
< 'ON
Bunew

ANeeH | 'ON

aled pue
Buyound

[einons

PUE ejed

delos
Jo adAL

‘6 Joy WO peyenan | e oLk Ansiway) pue sansusioereyd syl pue 409 ay) ul pasn deios jo sadAl 16 9|qeL

Copyright © 1998, The AISE Steel Foundation, Pittsburgh, PA. All rights reserved.

492



Oxygen Steelmaking Processes

9.3.5 Oxide Additions
9.3.51 Iron Oxide Materials

Iron ore is usually charged into the BOF as a coolant and it is often used as a scrap substitute. Iron
ores are available in the form of lumps or pellets, and their chemical compositions vary from dif-
ferent deposits as shown in Table 9.5.3 Iron ores are useful scrap substitutes as they contain lower
amounts of residual elements such as copper, zinc, nickel, and molybdenum. The cooling effect of
iron ore is about three times higher than scrap. The reduction of the iron oxide in the ore is
endothermic and higher amounts of hot metal and lower amounts of scrap are required when ore is
used for cooling. Iron ores must be charged early in the blow when the carbon content in the bath
is high to effectively reduce the iron oxide. The reduction of the iron oxides in the ore produces
significant amounts of gas, and consequently increases slag foaming and the tendency to slop. Late
ore additions have a detrimental affect on iron yield and end point slag chemistry. If only ore is
used as a coolant just before tap, the slag becomes highly oxidized and fluid, enhancing slag car-
ryover into the ladle. The delay in the cooling reaction from the unreduced ore causes a sudden
decrease in temperature or a violent ladle reaction resulting in over-oxidation of the steel.

Table 9.5 Iron Ore Chemical Compositions  From Ref. 3.

Ore Country Fe SiO ,  Al,O4 CaO MgO P S Mn
Minnesota USA 54.3 6.8 0.4 0.25 0.10 0.23 — 1.0
Caral Lake Canada 64.7 3.9 0.35 — — 005 — 0.2
Cerro Bolivar Venezuela 63.7 0.75 1.0 03 025 0.09 0.03 0.02
Goa India 57.8 2.5 6.5 0.7 0.3 0.04 0.02 —
lteloira Braz 68.9 0.35 0.6 — — 0.03 0.01 0.05
Tula USSR 52.2 10.1 1.25 0.3 0.1 0.06 0.1 0.35

9.3.5.2 Waste Oxides

Economic and environmental issues have driven steel producers to recycle the waste iron oxides
generated in the process. The increasing price of scrap, in addition to the increasing costs involved
in the environmentally safe disposal of waste oxides, have encouraged steelmakers to recycle
these materials back into the steelmaking process. Throughout the plant, various waste oxides and
mill scales are collected and used in the sinter plant to produce some of the feed for the blast fur-
nace. However, this does not consume all available oxides. In recent times, methods have been
developed to substitute waste oxides in the BOF in place of ore. Mill scale has been used as a
coolant in the BOF in amounts ranging from 5,000 to 25,000 Ib.* Mill scale was found to be very
effective in increasing the hot metal to scrap ratio; however, it causes heavy slopping during the
process. Mill scale and other iron oxide additions are reduced during the main blow releasing iron
and oxygen. This additional oxygen becomes available for carbon removal thus speeding up the
overall reaction. Slopping is likely caused by the increased slag volume associated with using
more hot metal (more pounds of Si and C generate more SiO, and CO, respectively) and by the
increased reaction rate.

Waste oxide briquettes (WOB) containing steelmaking sludges, grit, and mill scale have also been
charged into the furnace as a scrap substitute.> The waste oxides collected from the BOF fumes
during the blow are high in iron content, typically more than 60 wt.%. These fumes, fines (sludge)
and coarse (grit) waste oxide particles are blended, dried, mixed with lime and binders, and pressed
into pillow-shaped briquettes. The briquettes are then cured for over 48 hours to remove their mois-
ture. A typ;ical composition of WOBs is 35 wt.% sludge, 20 wt.% grit, and 45 wt.% mill scale, see
Table 9.6.
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Table 9.6 WOB Chemical Compositions  From Ref. 5.

Composition Wt. %
Total Fe 5662
Metallic Fe o5
FeO 38-46
Fe,0O4 29-32

Additions of WOBs are made early in the oxygen blow when the carbon content in the bath is high
to ensure the reduction of ferrous, ferric, and manganese oxides to metallic iron and manganese.
If the WOBs are added late in the blow, the oxides are likely to stay unreduced, resulting in yield
loss, slopping, and a highly oxidized slag at turndown. WOBs are about two times better coolants
than scrap, because their oxide reduction is endothermic, and therefore a higher hot metal ratio is
required when WOBs are used for cooling—a situation similar to using ore. Various studies show
that using WOBs causes no adverse effects on lining wear, molten iron yield, turndown perfor-
mance and ladle slag FeO in the BOFE.

9.3.6 Fluxes
9.3.6.1 Burnt Lime

In basic oxygen steelmaking, burnt lime consumption ranges from 40 to 100 Ib. per net ton of steel
produced. The amount consumed depends on the hot metal silicon, the proportion of hot metal to
scrap, the initial (hot metal) and final (steel aim) sulfur and phosphorus contents. Burnt lime is pro-
duced by calcining limestone (CaCO,) in rotary, shaft, or rotary hearth type kilns.' The calcining
reaction is given below:

CaCO; + Heat — CaO + CO, (9.3.1)

The calcination of high-calcium limestone will produce burnt lime containing about 96 wt.% CaO,
1 wt.% MgO, and 1 wt.% SiO,. The sulfur content in burnt lime ranges from 0.03 to 0.1 wt.%. Most
shops require less than 0.04 wt.% S in the lime to produce low sulfur steels."® Since an enormous
amount of burnt lime is charged into the BOF within a short period of time, careful selection of the
lime quality is important to improve its dissolution in the slag. In general, small lump sizes (1/2—1
in.) with high porosity have higher reactivity and promote rapid slag formation. The most common
quality problems with either burnt or dolomitic lime are uncalcined inner cores, excess fines and too
low a reactivity (calcined too hot or too long).

9.3.6.2 Dolomitic Lime

Dolomitic lime is charged with the burnt lime to saturate the slag with MgO, and reduce the disso-
lution of dolomite furnace refractories into the slag. Typically dolomitic lime contains about 3642
wt.% MgO and 55-59 wt.% CaO.! Similarly, the dolomitic stone contains about 40% MgCO;. The
dolomitic lime charge into the BOF ranges from 30 to 80 Ib. per net ton of steel produced, which
represents about 25 to 50% of the total flux charge into the furnace (burnt plus dolomitic lime). The
large variation in these additions strongly depends on experience and adjustments made by the
steelmakers. These are based on observations of chemical attack of the slag on furnace refractories.
Most of the dolomitic lime produced in the United States is obtained by calcining dolomitic stone
in rotary kilns. The calcining reaction of the dolomitic stone is similar to that of limestone:

MgCO, + Heat — MgO + CO, (9.3.2)

In some BOF operations dolomitic stone is added directly into the furnace as a coolant, and as a
source of MgO to saturate the slag. It can also be added to stiffen the slag prior to slag splashing.
It is important for the steelmaker to control the chemistry and size of the dolomitic lime.

494 Copyright © 1998, The AISE Steel Foundation, Pittsburgh, PA. Al rights reserved.



Oxygen Steelmaking Processes

9.3.6.3 Limestone

In most BOF shops limestone (CaCOj;) or dolomitic stone, (CaCO;*MgCOs) is frequently used as
a coolant rather than as a flux. Limestone is commonly used to cool the bath if the turndown tem-
perature is higher than the specified aim. When limestone is heated, the endothermic calcining
reaction occurs producing CaO and CO,, causing a temperature drop in the furnace. The extent of
the temperature drop just before tap depends on the furnace size and slag conditions and is known
for each shop. For example, in a 300 ton heat, 1000 Ib. of limestone will drop the temperature of
the bath by about 6°C (10°F).

9.3.64 Fluorspar

Calcium fluoride or fluorspar (CaF,) is a slag fluidizer that reduces the viscosity of the slag. When
added to the BOF it promotes rapid lime (CaO) dissolution in the slag by dissolving the dicalcium
silicate (2Ca0+Si0,) layer formed around the lime particles which retards the dissolution of the
lime in the slag. In recent times, fluorspar has been used very sparingly because of its very corro-
sive attack of all types of refractories, including both furnace and ladle. Also, the fluorides form
strong acids in the waste gas collection system which corrode structural parts and are undesirable
emissions.

9.3.7 Oxygen

In modern oxygen steelmaking processes a water-cooled lance is used to inject oxygen at very high
velocities onto a molten bath to produce steel. With the increasing demands to produce higher qual-
ity steels with lower impurity levels, oxygen of very high purity must be supplied. Therefore, the
oxygen for steelmaking must be at least 99.5% pure, and ideally 99.7 to 99.8% pure. The remain-
ing parts are 0.005 to 0.01% nitrogen and the rest is argon.!

In top-blown converters, the oxygen is jetted at supersonic velocities (Mach>1) with convergent-
divergent nozzles at the tip of the water-cooled lance. A forceful gas jet penetrates the slag and
impinges onto the metal surface to refine the steel. Today, most BOFs operate with lance tips con-
taining four to five nozzles and oxygen flow rates, (in 230 to 300 ton converters), that range from
640 to 900 Nm3/min (22,500 to 31,500 scfm).” Figure 9.6 shows an schematic of a typical five-
nozzle lance tip. The tip is made of a high thermal conductivity cast copper alloy with precisely
machined nozzles to achieve the desired jet parameters. The nozzles are angled about 12° to the
centerline of the lance pipe and

equally spaced around the tip. []: )

The tip is welded to a 12 inch
seamless steel pipe (lance bar-
rel) about 60 feet long. Cooling Tip assembly
water is essential in these lances
to keep them from burning up in
the furnace. At the top of the
lance, armored rubber hoses are
connected to a pressure-regu-
lated oxygen source and to a
supply of recirculated cooling
water. Details of the conver-
gent-divergent nozzles are also
shown in Fig. 9.6. As the oxy-
gen passes the converging sec-
tion it is accelerated and reaches
sonic velocity (Mach =1) in the
cylindrical throat section. Then
it expands in the diverging sec-

Fig. 9.6 Convergent-divergent nozzles. From Ref. 1.
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tion and its temperature and pressure decreases while its velocity increases to supersonic levels
(Mach > 1). The supersonic jets are at an angle of about 12° so that they do not interfere with each
other.

In bottom-blown converters, the oxygen is injected through the bottom of the vessel using a series
of tuyeres. About 14 to 22 tuyeres are used to blow about 4.0 to 4.5 Nm? of oxygen per minute per
ton of steel.® Powdered lime, mixed with the oxygen, is usually injected through the liquid bath to
improve lime dissolution and hence slag formation during the blow. The tuyeres consist of two con-
centric pipes, where oxygen flows through the center pipe and a hydrocarbon fluid, such as natural
gas or propane, used as a coolant, flows through the annular space between both pipes.

94 Process Reactions and Energy Balance

94.1 Refining Reactions in BOF Steelmaking

In the oxygen steelmaking process, impurities such as carbon (C), silicon (Si), and manganese
(Mn) dissolved in the hot metal are removed by oxidation to produce liquid steel. Hot metal and
scrap are charged into the furnace and high-purity oxygen gas is injected at high flow rates, through
a lance or tuyeres, to react with the metal bath. The oxygen injection process, known as the blow,
lasts for about 16 to 25 minutes and the oxidation reactions result in the formation of CO, CO,,
Si0,, MnO, and iron oxides. Most of these oxides are dissolved with the fluxes added to the fur-
nace, primarily lime (CaO), to form a liquid slag that is able to remove sulfur (S) and phosphorus
(P) from the metal. The gaseous oxides, composed of about 90% CO and 10% CO,, exit the fur-
nace carrying small amounts of iron oxide and lime dust. Typical oxygen flow rates during the blow
range between 2—3.5 Nm? per minute per ton of steel (70—123 scfm per ton), and in general the rate
of oxygen injection is limited either by the capacity of the hood and gas cleaning system or by the
available oxygen pressure

The commercial success of oxygen steelmaking is mainly due to two important characteristics.
First, the process is autogenous meaning that no external heat sources are required. The oxidation
reactions during the blow provide the
energy necessary to melt the fluxes and
scrap, and achieve the desired tempera-
ture of the steel product. Second, the
process is capable of refining steel at
high production rates. The fast reaction
rates are due to the extremely large sur-
face area available for reactions. When
oxygen is injected onto the metal bath a
tremendous amount of gas is evolved
forming an emulsion with the liquid
slag and with metal droplets sheared
from the bath surface by the impinge-
ment of the oxygen jet.!0 This gas-
metal-slag emulsion, shown in Fig. 9.7,
generates large surface areas that ,
increase the rates of the refining reac- — R~ Slag
tions. The reaction mechanisms and the
slag-metal reactions are discussed in
detail in Chapter 2. Therefore, only a
brief discussion of the sequence of
these reactions during the blow are pro-
vided in this section. Fig. 9.7 Physical state of the BOF in the middle of the blow.

<«——  Oxygen lance

Gas—slag—metal
emulsion

Metal
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9411 Carbon Oxidation

Decarburization is the most extensive and important reaction during oxygen steelmaking. About
4.5 wt% carbon in the hot metal is oxidized to CO and CO, during the oxygen blow, and steel with
less than 0.1 wt% carbon is produced. The change in the carbon content during the blow is illus-
trated in Fig. 9.8,!1 which shows three distinct stages. The first stage, occurring during the first few
minutes of the blow, shows a slow decarburization rate as nearly all the oxygen supplied reacts with
the silicon in the metal. The second stage, occurring at high carbon contents in the metal, shows a
constant higher rate of decarburization and its controlled by the rate of supplied oxygen. Finally,
the third stage occurs at carbon contents below about 0.3 wt.%, where the decarburization rate
drops as carbon becomes less available to react with all the oxygen supplied. At this stage, the rate
is controlled by mass transfer of carbon, and the oxygen will mostly react with iron to form iron
oxide. Also in this stage, the generation of CO drops and the flame over the mouth of the furnace
becomes less luminous, and practically disappears below about 0.1 wt.% carbon.

5

Wit%
P S
0.4,0.04

0.3,0.038

0.2,0.02

C, Mn, Siin steel (wt %)

0.1,0.01

1/4 1/2 34 End

f hl
Fig. 9.8 Change in melt composition during the blow. From Ref. 11. ot hiow

941.2 Silicon Oxidation

The strong affinity of oxygen for Silicon will result in the removal of almost all the Si early in the
blow. The Si dissolved in the hot metal (0.25-1.3 wt.%) is oxidized to very low levels (<0.005
wt.%) in the first three to five minutes of the blow as shown in Fig. 9.8. The oxidation of Si to sil-
ica (Si0,) is exothermic producing significant amounts of heat which raises the temperature of the
bath. It also forms a silicate slag that reacts with the added lime (CaO) and dolomitic lime (MgO)
to form the basic steelmaking slag. The amount of Si in the hot metal is very important since its
oxidation is a major heat source to the process and it strongly affects the amount of scrap that can
be melted. It also determines the slag volume and consequently affects the iron yield and dephos-
phorization of the metal. In general, more slag causes less yield but lower phosphorus.

941.3 Manganese Oxidation

The reaction involving the oxidation of Manganese in steelmaking is complex. In top-blown
processes Mn is oxidized to MnO early in the blow and after most of the silicon has been oxidized,
the Mn reverts into the metal.!? Finally, as shown in Fig. 9.8, towards the end of the blow the Mn
in the metal decreases as more oxygen is available for its oxidation. In bottom-blown processes,
such as the OBM (Q-BOP), a similar pattern is found, but the residual Mn content of the steel is
higher than for top-blown processes due to better stirring.!3-14
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9.4.1.4 Phosphorus Oxidation

Dephosphorization is favored by the oxidizing conditions in the furnace. The dephosphorization
reaction between liquid iron and slag can be expressed by reaction 9.4.1.15 Phosphorus removal is
favored by low temperatures, high slag basicity (high CaO/SiO, ratio), high slag FeO, high slag flu-
idity, and good stirring.!%!> The change in the phosphorus content of the metal during blow is
shown in Fig. 9.8. The phosphorus in the metal decreases at the beginning of the blow, then it
reverts into the metal when the FeO is reduced during the main decarburization period, and finally
decreases at the end of the blow.!? Stirring improves slag-metal mixing, which increases the rate
of dephosphorization. Good stirring with additions of fluxing agents, such as fluorspar, also
improves dephosphorization by increasing the dissolution of lime, resulting in a highly basic and
fluid liquid slag.

P + 2.5(Fe0) = (PO, ) + 2.5Fe (9.4.1)

9.4.1.5 Sulfur Reaction

The BOF is not very effective for sulfur removal due to its highly oxidizing conditions. Sulfur dis-
tribution ratios in the BOF (% S slag /% S metal ~4-8) are much lower than the ratios in the steel
ladle (% S slag /% S metal ~300-500) during secondary ladle practices. In the BOF, about 10 to
20% of sulfur in the metal reacts directly with oxygen to form gaseous SO,.!> The rest of the sul-
fur is removed by the following slag-metal reaction

S + (Ca0) + Fe = (CaS) + (FeO) (9.4.2)

Sulfur removal by the slag is favored by high slag basicities (high CaO/SiO, ratio), and low FeO
contents. The final sulfur content of steel is also affected by the sulfur contained in the furnace
charge materials, such as hot metal and scrap. The sulfur content in the hot metal supplied from the
blast furnace generally ranges from 0.020 to 0.040 wt.%, and if the hot metal is desulfurized before
steelmaking the sulfur content in the hot metal can be as low as 0.002 wt.%. Heavy pieces of scrap
containing high sulfur contents must be avoided if low sulfur alloys with less than 60 ppm
(0.006%) of sulfur are being produced. For example a slab crop of 2273 kg (5000 Ib.) containing
0.25 wt.% S (12.5 1b. of sulfur) can increase the sulfur content of steel by about 15 ppm (0.0015%)
in a 300 ton BOF.

94.2 Slag Formation in BOF Steelmaking

Fluxes are charged into the furnace early in the blow and they dissolve with the developing oxides
to form a liquid slag. The rate of dissolution of these fluxes strongly affects the slag-metal reac-
tions occurring during the blow. Therefore, it is important to understand the evolution of slag dur-
ing the blow. Several investigators have studied slag formation in oxygen steelmaking,'®!7 and a
detailed review of these investigations is given by Turkdogan,!! and Deo and Boom.!8

At the beginning of the blow, the tip of the oxygen lance is kept high above the bath surface, at
about 3.5 m (12 ft), which results in the formation of an initial slag rich in SiO, and FeO. During
this period large amounts of burnt lime and dolomitic lime are charged into the furnace. The lance
is then lowered and the slag starts to foam at around one third of the blow due to the reduction of
the FeO in the slag in conjunction with CO formation. The drop in the FeO content in the slag is
shown in Fig. 9.9. Also, as the blow progresses, the CaO dissolves in the slag, and the active slag
weight increases. Finally, after three quarters into the blow, the FeO content in the slag increases
because of a decrease in the rate of decarburization. The resulting slag at turndown in top-blown
converters (BOF or BOP) have typical ranges: 4255 wt.% CaO, 2-8 wt.% MgO, 10-30 wt.%
FeOr, 3-8 wt.% MnO, 10-25 wt.% SiO,, 1-5 wt.% P,0s, 1-2 wt.% Al,0;, 0.1-0.3 wt.% S. In the
OBM (Q-BOP) or bottom-blown converter, the total FeO in the turndown slag is lower, ranging
between 4-22 wt.%

During the blow, the temperature of the metal gradually increases from about 1350°C (2450°F) to
1650°C (3000°F) at turndown, and the slag temperature is about 50°C (120°F) higher than that of
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Fig. 9.9 Change in slag composition during the blow. From Ref. 11.

the metal.!® The slag at turndown may contain regions of undissolved lime mixed with the liquid
slag, since the dissolution of lime is limited by the presence of dicalcium silicate (2Ca0O+SiO,)
coating, which is solid at steelmaking temperatures and prevents rapid dissolution.!! The presence
of MgO in the lime weakens the coating. Thus, charging MgO early speeds up slag forming due to
quicker solution of lime.

94.3 Mass and Energy Balances

As shown in Fig. 9.10, hot metal, scrap, and iron ore are charged with the fluxes, such as burnt and
dolomitic lime, into the furnace. Oxygen is injected at high flow rates and gases, such as CO and
CO,, and iron oxide fumes (Fe,0;) exit from the mouth of the furnace. At turndown, liquid steel
and slag are the remaining products of the process. The oxidation reactions occurring during the
blow produce more energy than required to simply raise the temperature of the hot metal, from
about 1350°C (2450°F) to the desired turndown temperature, and to melt the fluxes. Most of the
excess heat is used to increase the amount of steel produced by melting cold scrap and by reduc-
ing iron ore to metal. Some heat is also lost by conduction, convection, and radiation to the sur-
roundings.

It is important to exactly determine the amount of each material to charge and the amount of oxy-
gen to blow to produce steel of desired temperature and chemistry. The specific method for deter-
mining these amounts varies with each BOF shop; however, in general these computations are
based on mass and energy balance calculations. A simple mass and energy balance is presented in
this text for illustration purposes. A more detailed treatment can be found in the literature.!

Consider the production of 1000 kg of steel. Fluxes, such as burnt and dolomitic lime, are added
to the furnace with the iron ore early in the blow. Before any calculation can be made it is required
to specify the compositions and temperatures of the input materials, such as hot metal, scrap, iron
ore, and fluxes, and also the temperature and chemistry specifications of the steel product. Table
9.7 shows typical compositions. The sequence of calculations required to determine the amounts
of input materials necessary to produce 1000 kg of steel product is summarized as follows:
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Fumes Gases (CO,CO2)

Hot metal
. Oxygen
Burnt lime l

A / Scrap
Dolomitic lime / Ore

Fig. 9.10 Input and output
materials in the BOF.

Slag
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Table 9.7 Chemistries of Input and Output Materials in the BOF

Element Hot Metal Scrap Steel

% Fe 9361 99.493 99.797

% C 4.65 0.09 0.040

% S 0.60 0.020 0.0056

% Mn 0.45 0.360 0.138

% P 0.06 0.012 0.010

%S 0.01 0.025 0.010

Other 0.61

Compound Burnt lime Dolo-lime Slag Iron Ore
%Ca0 96.0 £8.0 47 .86 —
%510, 1.0 0.8 12.00 o.77
%MgO 1.0 40.5 6.30

%FeOr — — 26.38 —
%ke — 5.8
%ALO, 0.5 0.4 1.30 —
%MnO — — 5.00 0.20
%H,0 1.3 1.4 — —
ODPQOS - o 1.16 S

94.31 Determination of the Flux Additions

The fluxes added to the process strongly depend on the hot metal silicon, the weight of hot metal,
the lime to silica ratio (%Ca0/%Si0,), and the amount of MgO needed in the slag to avoid the wear
of furnace refractories. The lime to silica ratio should range from two to four to achieve a basic slag
during the blow. Also, approximately 6—12 wt.% of MgO is required, depending on slag temperature
and chemistry, to saturate the slag and consequently retard dissolution of the furnace refractories.’
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For a typical lime to silica ratio of four, each kg of SiO, in the slag requires 4 kg of CaO. For the
example shown in Table 9.8, about 11.26 kg (24.78 1b.) of SiO, are produced from the oxidation of
the hot metal silicon, and 47.92 kg (105.42 1b.) of CaO per metric ton of steel are required to neu-
tralize the SiO, in the slag. The amounts of burnt lime and dolomitic lime needed are computed from
the CaO and MgO requirements as shown in Table 9.8. In actual BOF operations, higher dolomitic
lime additions are made than those predicted by the present example to ensure MgO saturation.

Table 9.8 Material and Energy Balance for the Production of 1000 kg (2200 Ib.) of Steel

Input Output
Hot Metal kg Ib. Steel kg Ib.
Fe 821.60 1807 .5 Fe 997.97 2195.5
C 40.81 89.78 C 0.40 0.88
Si 5.26 11.68 Si 0.05 0.11
Mn 3.95 8.69 Mn 1.38 3.04
P 0883 1.16 = 0.10 0.22
S 0.09 0.19 S 0.10 0.22
BF slag 5.40 11.88
Total 877.64 1930.8 Total 1000.0 2200.0
Scrap kg Ib. Slag
Fe 200,563 441.16 Ca0 47.92 106,42
C 0.18 0.40 SO, 12.07 26,42
Si 0.04 0.09 MgO 6.35 13.97
Mn 072 1.60 FeO; 26.42 5812
P 0.02 0.05 MnO 5.00 11.01
S 0.05 0.11 P05 1.13 2.49
Total 201.55 443.41 Al,Og 1.3 2.86
Total 100.13 220.29

Ore kg Ib. Fumes kg Ib.
Fe 11.62 25.35 Fe 16.02 3524
SO, 0.130 0.285 Total 27.52 60.61
MnO 0.034 0.075
Other 5134 11.294
Total 16.818 37.0
Fluxes kg Ib. Gases: kg Ib.
Ca0 47,92 105.42 CO (90%) 85.26 187.57
MgO 6.35 13.97 CO, (10%) 14.89 32.75
SO, 0.583 117
Other 1.65 3.62
Total Burnt time 40.78 89.70
Total Dolo-lime 15.67 34.48
Oxygen Gas kg Ib.

52.8 Nm®  1849.7 scf

@298K @70°F
Total O, 75.34 165.75
Total Inputs 1227.8 2701.2 Total Outputs 1227.8 2701.2

94.3.2 Determination of Oxygen Requirements

The volume of oxygen gas blown into the converter must be sufficient to oxidize the C, Si, Mn,
and P during the blow, and it is computed from an oxygen balance as shown below. For the present
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example the oxygen required during the blow is about 52.8 Nm?3 (1849.7 scf) per metric ton of steel
produced.

Oxygen Oxygen for the Oxygen supplied Oxygen dissolved (9.4.3)
injected | | oxidation reactions - by iron ore | in steel at turndown o

94.3.3 Determination of the Weight of Iron-Bearing Materials

In general four distinct iron-bearing materials are involved in oxygen steelmaking: hot metal,
scrap, iron ore, and the steel product. Slag and fume are usually considered heat and iron losses.
The simultaneous solution of an iron mass balance and an energy balance permits the determina-
tion of the weights of two of the iron-bearing materials with a knowledge of the weights of the other
two. For the example here, the product weight (1000 kg), and the weight of the iron ore (16.8 kg)
are assumed to be known. Then the weights of the hot metal and scrap are computed to be 877.64
kg (1930.8 1b.) and 201.55 kg (443.41 1b.) respectively from the mass and energy balance shown
below:

Mass balance for iron: (IRON INPUT = IRON OUTPUT)

Weight of Fe Weight of Weight of Fe
IRON INPUT = + +

in Hot Metal Fe in scrap in Iron Ore

(9.4.4)

in fumes

in Steel

Weight of Fe Weight of Weight of Fe
IRON OUTPUT = + +

Fe in Slag

Heat balance: (HEAT INPUT = HEAT OUTPUT)

Heat content in Heats of Heat of slag
HEAT INPUT = +

the Hot Metal reaction formation

Sensible heat} {Sensible heat} {Sensible heat in} {Heat } (9.4.5)
+

HEAT OUTPUT = {
losses

+
of steel of slag gas and fume

The heat added to the process comes from the heat content or enthalpy in the hot metal charged
into the furnace at about 1343°C (2450°F), the heats of oxidation of elements, such as Fe, C, Si,
Mn, P, and S, whose enthalpies are shown in Table 9.9, and the heats of formation of the different
compounds in the slag.

Table 9.9. Enthalpies or Heats of Reactions  [rom Hef. 1.

Heats of Reaction

Oxidation Reactions Kilojoule per mole of BTU per Ib. of
C+ %0, =CO 4173 C 3952 C
C+0, = CO, 14884 C 14096 C
CO + %0, = CO, 4593 O 4350 CO

Si+ O, = S0, 13927 S 13190 Si
Fe + %O, = FeO 2198 Fe 2082 Fe
Mn + %0, = MnO 3326 Mn 3180 Mn
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These sources will provide the heat necessary to raise temperature of the steel and slag to the aim
turndown temperature, and also to heat up the gases and fumes leaving the furnace. Furthermore,
there is enough energy generated to overcome the heat losses during the process, to heat and melt
coolants such as scrap and iron ore, and to reduce the iron oxide in the ore.

94.34 Determination of the Gases and Fumes Produced

The amounts of CO and CO, produced from decarburization are determined from a mass balance
for carbon. The carbon removed from the bath is converted to approximately 90% CO and 10%
CO,. With the gases about 1 to 1.5 wt.% of iron is lost in the form of iron oxide fumes that exit
from the mouth of the furnace.

94.3.5 Determination of the Fe0 in the Slag

The FeO in the slag is generally determined from empirical correlations, developed by each shop,
between the slag FeO and the aim carbon and the lime to silica ratio. Other parameters are gener-
ally of much lower significance. This empirical relationship is one of the larger error sources in a
material and energy balance algorithm, arising from analytical errors of iron oxides and slag sam-
ple preparation problems.

944 Tapping Practices and Ladle Additions

When the blow is completed, the lance is removed from the furnace and the vessel is rotated to a
horizontal position towards the charging side for sampling. A steel sample is withdrawn from the
bath for chemical analysis, and an expendable immersion-type thermocouple is used to measure
the temperature of the melt. The steel sample is analyzed with a mass spectrometer, and the con-
centrations of the elements present in the steel are determined in approximately three to five min-
utes. If the steel is too hot, meaning that the measured temperature is higher than the aim
temperature, it can be cooled by rocking the vessel, or by adding coolants such as iron ore or lime-
stone. If the steel is too cold, or if the measured concentrations of elements such as carbon, phos-
phorus, and sulfur are higher than the aim concentrations specified, additional oxygen is blown into
the furnace (reblow) for approximately one to three minutes. Once the heat meets the temperature
and chemistry requirements, the furnace is rotated towards the taphole side and the steel is tapped
or poured into a ladle.

Tapping a 300 ton heat takes from four to seven minutes and the time strongly depends on the con-
ditions or diameter of the taphole. A good tapping practice is necessary to maximize yield, or the
amount of steel poured into the ladle. Slag carryover from the BOF into the ladle must be mini-
mized. Furnace slag contains high FeO, which reduces desulfurization in the ladle, and enhances the
formation of alumina inclusions. Also, the P,O5 present in BOF slags is a source of phosphorus car-
ried into the ladle. Therefore, over the years, extensive work has been done to develop slag free tap-
ping techniques, and the most commonly used are described here. Good tap hole maintenance,
combined with the ability of the operator to rotate the furnace quick enough when all the steel has
been tapped, will reduce the amount of slag carryover into the ladle. Slag free tapping devices are
now commonly used to help the operators reduce slag carryover. Different types of taphole plugs,
such as balls and darts, (discussed earlier in section 9.2.2.12) shown in Fig. 9.11, are dropped into
the furnace at tap. These Devices float at the slag-metal interface, and plug the taphole when the
steel has emptied but before the slag can exit the furnace. There has been much debate over the
effectiveness of these devices. Electromagnetic slag detection sensors installed around the taphole
will detect the presence of slag in the stream and send a signal to alarm the furnace operator. One
of the problems with these devices is that they can give false alarms from slag entrainment within
the vortex of the steel stream and they require maintaining a taper in the taphole to work well.

With current steelmaking alloying practices, most of the alloys are added to the ladle. However,
large amounts of non-oxidizable alloys such as nickel, molybdenum and copper are usually charged
with the scrap as they resist oxidation during the blow. This practice will prevent big temperature
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drops in the ladle. In aluminum killed
steels aluminum (Al) is used to deoxidize
the steel and reduce the dissolved oxygen
from approximately 500—1000 ppm to less
than 5 ppm, and is generally the first addi-
tion made into the ladle during tap. For
example, a heat with a Celox reading of
750 ppm of dissolved oxygen requires
approximately 365 kg (800 Ib.) of alu-

minum at tap. In semi-killed steels, deoxi- \ or /

dation is done with ferrosilicon, and the
dissolved oxygen in steel is only lowered to

about 50 ppm. Burnt lime is also added <
with the aluminum to satisfy a lime to alu- \\\\\
mina (CaO/Al,O,) ratio of 0.8 to 1.2. This

produces a liquid slag over the molten = T —
metal that thermally insulates the melt to - -
avoid excess temperature losses, protects —_ -
the melt from reoxidation from air, desul-
furizes the steel, and removes alumina —
inclusions from the melt.

Ferromanganese is added via chutes located

over the ladle, in large quantities, after the

S‘Fe_el has been deoxidized by alumlnpm or Fig. 9.11 Schematic of taphole plugs for BOF steelmaking.
silicon. The general rule of thumb is that  gom rer 21.

the aluminum is added when the melt

reaches approximately 1/3 of the ladle’s height, and all the alloys should be added by the time the
melt reaches 2/3 of the full ladle height. Slag modifiers, containing about 50 wt.% aluminum, are
added to the slag near the end of tap to reduce the FeO content in the ladle slag originating from
furnace slag carryover. Chapter 11 contains a detailed discussion of the refining processes occur-
ring in the ladle after steelmaking,

9.5 Process Variations
9.5.1 The Bottom-Blown Oxygen Steelmaking or 0BM (B-BOP) Process

The successful development and application of the shrouded oxygen tuyere in the late 1960s led to
the development of the OBM (Q-BOP) process in the early 1970s. Oxygen in this process is injected
into the bath through tuyeres inserted in the bottom of the furnace. Each tuyere is made from two
concentric tubes forming an inner nozzle and an outer annulus. Oxygen and powdered lime are
injected through the central portion of the tuyeres, while a hydrocarbon gas, typically natural gas or
propane, is injected through the annular section between the two concentric pipes, as shown in Fig.
9.12. The endothermic decomposition of the hydrocarbon gas and the sensible heat required to bring
the products of the decomposition up to steelmaking temperatures result in localized cooling at the
tip of the tuyere. The localized cooling is enough to chill the liquid metal and form a porous mush-
room on the tip of the tuyere and part of the surrounding refractory. This mushroom reduces the burn
back rate of the tuyere, and the wear of the surrounding refractory. The injected lime provides addi-
tional cooling to the tuyere, and results in better slag refining characteristics.

Top lances in OBM (Q-BOP) furnaces have also been adopted, mainly for the purposes of increas-
ing the post-combustion of the offgases within the furnace, and to control the buildup of slag and
metal in the furnace cone area. Top lances used in OBM (Q-BOP) furnaces are normally station-
ary, since they are not used for refining purposes. Tuyeres, located in the upper cone area of fur-
naces with a heat size larger than approximately 150 tonnes have also been used, but typically
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Fig. 9.12 Schematic drawing of an OBM (Q-BOP) tuyere.

result in higher refractory wear. For this reason, their application has been limited to shops which
require increased scrap melting capabilities (resulting in shorter lining lives), and with a heat size
smaller than 150 tonnes.

9.5.11 Plant Equipment

The injection of oxygen through the bottom in the OBM (Q-BOP) process, with a fraction of the
total oxygen through a stationary top lance, results in the need for a low building, and consequently
in lower greenfield construction costs.

Oxygen, a hydrocarbon fluid (natural gas or propane), nitrogen and argon are gases used in the
OBM (Q-BOP) process. These gases are metered and controlled, and introduced through rotary
joints located in the trunnion pins. The oxygen, aside from being used as the main process gas, is
also used as the transport gas for the pulverized burnt lime. A high-pressure injector contains the
burnt lime, which is transported by the oxygen through one of the trunnion pins into a lime and
oxygen distributor, and then to the individual tuyeres in the furnace bottom. The hydrocarbon fluid
is transported to the bottom of the furnace through the opposite trunnion, to avoid the possibility
of leakage and of its mixing with oxygen in the transport line. The hydrocarbon fluid is then dis-
tributed to each tuyere. In some instances, the flow of the hydrocarbon fluid is controlled individ-
ually for each tuyere prior to entering the rotary joint. Nitrogen is used to protect the tuyeres from
plugging during furnace rotation. It can also be used to increase the nitrogen content in the steel.
Argon can be used to minimize the nitrogen pickup in the steel, and to produce lower carbon steels
than in the BOF process, without excessive yield losses, and with low FeO contents in the slag.

Gas flow through the tuyeres has to be maintained above sonic flow to prevent penetration of steel
into the tuyeres, and subsequent plugging. For this reason, the sonic flow is maintained during rota-
tion of the furnace for turndown and for tapping of the steel. The ejections of metal and slag result-
ing from the injection of this high flow through the tuyeres during rotation, require the complete
enclosure of the OBM (Q-BOP) furnaces. Movable doors are used in the charge side for this pur-
pose. The complete enclosure also results in lower fugitive emissions during turndown and tapping
than in the BOF furnaces, which usually are not enclosed.
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Typically 12 to 18 tuyeres are used in the bottom, depending on the furnace capacity. The tuyeres
are located in the refractory bottom on two rows that run from one trunnion to the other. The loca-
tions of these two rows are selected so that they are above the slag line during turndown and tap-
ping to allow the reduction of the gas flow during these periods. The inside of the inner pipe of the
tuyere is typically lined with a mullite sleeve to prevent excessive wear of the pipe by the burnt
lime. The inside diameter of the ceramic liner is 1 to 1.5 inches. Stainless steel is normally used
for the inner pipe, and carbon steel for the outer pipe, although copper has also been used.

The higher refractory wear observed in the vicinity of the tuyeres, due to the high temperature gra-
dients experienced by the refractories during a heat cycle and the high temperature generated
around them, results in bottom lives of 800 to 2500 heats, depending on tap temperature, turndown
carbon content, etc. Since barrel lives approach 4000 to 6000 heats, the furnace is designed to
include a replaceable bottom. When the bottom thickness is too thin for safe operation, it is
removed and a bottom with new refractories and tuyeres is installed. The furnace can be back in
operation with a new bottom in less than 24 hours.

9.51.2 Raw Materials

A distinct advantage of the OBM (Q-BOP) process is its capability to melt bigger and thicker
pieces of scrap than the BOF process. Sections with thicknesses of up to two feet are melted rou-
tinely. This expands significantly the types of scrap that can be used, and lowers their preparation
costs. There is no unmelted scrap at the end of the blow in the OBM (Q-BOP) process.

The burnt lime used for slag formation is pulverized and screened to less than 0.1 millimeters. It is
sometimes treated to improve its flowability during pneumatic transport with oxygen. The dolomitic
lime in the OBM (Q-BOP) process is essentially similar to that used in the BOF process, and is
charged through top bins, if available. In shops where overhead bins are not available, a pulverized
blend of burnt lime and dolomitic lime is injected through the bottom tuyeres to achieve the desired
MgO content in the slag. The rest of the raw materials are the same as for the BOF process.

9.5.1.3 Sequence of Operations

After the steel is tapped, the furnace is rotated to the vertical position, and nitrogen is blown to
splash the slag onto the furnace walls. This results in a coating that extends the life of the furnace
barrel. The furnace is also rocked to coat the bottom with slag. This operation can be done with the
slag as is, or with conditioned slag. The furnace is then ready to receive the scrap and hot metal.
Nitrogen is injected at sonic flow to protect the tuyeres during the hot metal charge. The furnace is
rotated to its vertical position, and the bottom and top oxygen blow are started. Burnt lime is
injected with the oxygen through the bottom, and the dolomitic lime is added through the top at
the beginning of the blow. Typically the lime is injected within the first half of the oxygen blow.
When the calculated oxygen amount has been injected, the gas is switched to nitrogen or argon and
the furnace is rotated for sampling. A sample for chemical analysis is taken, and the temperature
and oxygen activity are measured. If the desired temperature and chemistry have been obtained, the
heat can then be tapped. If necessary, small adjustments in temperature and chemistry can be made
by injecting additional oxygen through the bottom, by injecting more lime, or by cooling the heat
with ore or raw dolomite. Since the process is very reproducible, the heat is normally tapped after
these adjustments, without making another temperature measurement or taking another sample for
chemical analysis. Shops so equipped can take a sample for chemical analysis, temperature and
carbon content measurement with sub lances a few minutes before the end of the oxygen blow. Any
necessary adjustments can be made during the blow to obtain the aim steel temperature and chem-
istry. The turndown step can thus be avoided, decreasing the tap-to-tap time, and increasing the pro-
ductivity of the shop.

9.5.14 Process Characteristics

The injection of the oxygen and hydrocarbons through bottom tuyeres results in distinct process char-
acteristics. The oxygen reacts directly with the carbon and silicon in the liquid iron melt, resulting in
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lower oxidation levels in the metal and slag at the end of the blow. The bottom injection also results
in very strong bath mixing. Steel decarburization is enhanced by the strong bath agitation, particu-
larly during the last portion of the blow, when mass transfer of the carbon in the melt controls the rate
of decarburization at carbon contents below 0.3%. This results in less iron being oxidized and lost to
the slag, as shown in Fig. 9.13, and in less dissolved oxygen in the steel at turndown, as shown in Fig.
9.14. The manganese content at turndown is also higher than in the top-blown vessels, as shown in
Fig. 9.15, due to the lower bath and slag oxidation. The variability in blow behavior introduced by the
top lance in top-blown vessels is eliminated. By injecting the oxygen and lime through the bottom
tuyeres in a controlled manner, a highly reproducible process control is obtained.

9.51.5 Product Characteristics

In general, the same steel grades that can be produced in top-blown vessels can be produced by the
OBM (Q-BOP). Additionally, the better mixing attained in the bath allows the production of steels
with carbon contents of 0.015-0.020% without excessive bath and slag oxidation and without vac-
uum decarburization. The slightly higher hydrogen contents obtained at turndown can be lowered
by flushing the bath with nitrogen, argon, or a mixture of argon and oxygen at the end of the blow.
For the production of low-nitrogen steels, argon can be used to minimize the nitrogen pickup dur-
ing rotation, or by flushing the bath at the end of the blow. Nitrogen can also be alloyed into the
steel by purging the melt with nitrogen at the end of the oxygen blow.

9.5.2 Mixed-Blowing Processes

Virtually every company has invented or modified a version of the oxygen steelmaking process to
suit its own situation. Consequently, there are many designations for fairly similar processes. Table
9.10 attempts to translate and relate some of the more common acronyms. This table is divided into
four broad categories: top blowing, mixed blowing with inert gases, mixed blowing with bottom
oxygen, and bottom blowing.
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Fig. 9.13 Slag Fe; content as a function of the carbon content at turndown in the U.S. Steel Gary Works BOF and OBM
(Q-BOP) shops.
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Fig. 9.14 Dissolved oxygen content as a function of carbon content at turndown in the U.S. Steel Gary Works BOF and
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Fig. 9.15 Manganese content in the steel as a function of carbon content at turndown in the U.S. Steel Gary Works BOF
and OBM (Q-Bop) Shops.
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Table 9.10 Various Oxygen Steelmaking Process Designations
From Ref. 8, updated from Refs. 31-36.

Process Name

Origin

Description

Obsolete bottom-blown processes that preceded modern furnace configurations:

Bessemer Converter

Thomas Converter

An early bottom-blown converter developed by Henry Bessemer
in 19th Century England, blowing air through simple tuyeres using
acid refractories.,

Simiar to bessemer but using basic refractories in US,

All Top Blowing:
LD Voest, Austria Linz-Donawitz, First top-blown process with water-cooled lance,
lump lime.
BOF Worldwide Basic Oxygen Fumace. Common term for LD top lance-blown,
lump lime.
BOP USX and others Basic Oxygen Process. Same as LD and BOF
LD-AC ARBED/CRM Similar to LD with powdered lime added through
Luxembourg; France lance, for high P hot metal.
LD-CL NKK, Japan LD but lance rotates.
LD-PJ ltalsider LD with pulsed jets, not in current use.
ALCI ARBED, LD basically with A/N, through lance. Post
Luxembourg combustion ports and coal injection from top for higher scrap
melting.
LD-GTL Linde/National Steel, LD with Ar or N, through top lance to Imit
USA over-oxidation, lump lime.
AOB Inland, Union Carbide Similar to LD-GTL.
Z-BOP ZapSib Russia Basicaly LD or BOF. Various process methods of adding

additonal fuels to increase scrap melting. Some include preheat
cycles. Can melt 100% scrap.

Mixed Blowing, Inert Stirring Gases:

LBE

LD-KG
LD-KGC

LD-OTB
LD-AB
NK-CB

Copyright © 1998, The AISE Steel Foundation, Pittsburgh, PA. All rights reserved.

ARBED, Luxembourg
IRSD, France

Kawasaki, Japan

Kawasaki, Japan

Kobe, Japan
Nippon Steel, Japan
NKK, Japan

Lance Bubbling Equilibrium. LD with permeable
plugs on bottom for inert gas. Lump lime.

LD with small bottom tuyeres Ar and/or No.

LD with number of small nozzles using Ar, N, CO for inert gas
bottom stiming. Unique in that it uses recycled CO as a stimng
gas. Lump lime.

Similar to LD-KG
LD with simple tuyeres to inject inert gas. Lump lime

Top-blown LD with simple bottom tuyere or porous plugs to
introduce Ar/CO,/N,, lump lime

continued
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Table 9.10 Various Oxygen Steelmaking Process Designations

(continued)

Mixed Blowing with Oxygen and/or Inert Bottom Gases:

OBM-S Maxnutte, Germany Mostly bottom OBM type with top oxygen through
Klockner, Germany natural gas shrouded side tuyere, powdered lime

through bottom.

K-BOP Kawasaki Japan Top and bottom blowing. Natural gas shrouded bottom tuyeres,
powdered lime through tuyeres.

BM Thyssen, Germany Top and bottom stiring with bottom nozzles and
No/Ar,

LET Salmer, France Lance Equiliorium Tuyeres. Top blowing with 15 to 356% bottom-
plown with fuel oil shrouded tuyeres.

LD-OB Niopon Steel, Japan OBM tuyeres (natural gas shrouded) on bottorm with top lance,
lump lime.

STB Sumitomo, Japan Mostly top-blown with lance, with special tuyere on bottom. Inner
pipe O./CO,, Outer pipe CO,/N./Ar. Lump lime.

STB-P Sumitomo, Japan Simlar to STB except powdered Ime through top lance for

phosphorus contral,

All Bottom Blowing:

OBM Maxhutte, Germany Original 100% bottom-blown. Natural gas shrouded
tuyeres, powdered lime through tuyeres
Q-BOP USX, USA OBM type 100% bottom-blown. Natural gas
shrouded tuyeres, powdered lime through tuyeres.
KMS Klockner, Germany Similar to OBM., Early trials of oil shrouded tuyeres,
now use natural gas. Can inject powdered coal from bottom for
more scrap melting.
KS Klockner, Germany Similar to KMS only modified for 100% scrap

melting.

(Note: Bold lettered processes are stil in regular use today.)

The BOF is the overwhelmingly popular process selection for oxygen steelmaking. The usual rea-
son to modify the BOF configuration is to lower the operating cost through better stirring action
in the steel bath. It has been found by a number of companies and investigators that additional stir-
ring of the bath from the furnace bottom reduces FeO in the slag. Lower FeO results in higher yield,
and fewer oxidation losses of metallics. Bottom stirring increases slag forming, particularly if pow-
dered limes are injected into the bath.

9.5.2.1 Bottom Stirring Practices

Inhomogenieties in chemical composition and temperature are created in the melt during the oxy-
gen blow in the top-blown BOF23 process due to lack of proper mixing in the metal bath. There is
a relatively dead zone directly underneath the jet cavity in the BOF.
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Bottom stirring practices using inert gases such as nitrogen and argon are being used extensively
to improve the mixing conditions in the BOF. The inert gases are introduced at the bottom of the
furnace by means of permeable elements (LBE process) or tuyeres. In a typical practice, nitrogen
gas is introduced through tuyeres or permeable elements in the first 60 to 80% of the oxygen blow,
and argon gas is switched on in the last 40 to 20% of the blow. The rapid evolution of CO in the
first part of the oxygen blow prevents nitrogen pickup in the steel.

Some of the effects of bottom stirring and the resulting improved mixing include:

(a) Decreased FeO content in slag. Better mixing conditions in the vessel causes the
FeO in the slag to be closer to equilibrium conditions, which results in lower con-
centrations of FeO in the slag. Plant studies have shown that for low carbon heats,
bottom stirring can cause a reduction in the FeO level in slag by approximately 5%.
This results in better metallic yield, lower FeO level in the ladle slag and reduced
slag attack on the refractories. Improvements in iron yield by as much as 1.5% or
more have been reported.2® Lower levels of FeO in the steelmaking slag reduces the
amount of heat generated during the oxygen blow, and hence reduces the maximum
amount of scrap that can be charged in a heat.

(b) Reduced dissolved oxygen in metal. A study shows that bottom stirring can reduce the
dissolved oxygen level in a low carbon heat by approximately 225 ppm. This lower-
ing of dissolved oxygen leads to lower aluminum consumption in the ladle. Studies
have shown aluminum savings of about 0.3 lb./ton due to bottom stirring.

(c) Higher manganese content in the metal at turndown. An increase of approximately
0.03% in the turndown manganese content of the metal has been shown. This leads
to a reduction in the consumption of ferro-manganese.

(d) Sulfur and Phosphorus removal. Bottom stirring has been found to enhance desul-
furization due to improved stirring. However, phosphorus removal has not been
found to improve substantially in some studies. Although bottom stirring drives the
dephosphorization reaction towards equilibrium, the reduced levels of FeO in steel-
making slags tend to decrease the equilibrium phosphorus partition ratio ((%P in
slag)/[%P in metal]).

9.5.2.2 Bottom Stirring Maintenance Prohlems

The price for the bottom stirring benefits is in maintaining a more complicated process. This com-
plexity varies depending on the type of bottom stirring devices installed. Generally, the simpler the
device is to maintain, the lesser is the benefit obtained.

Starting at the simple end, porous plugs or permeable elements do not require maintaining gas pres-
sure when the stirring action is not required. While gas under pressure can permeate these devices,
steel does not penetrate, even when the gas is turned off. The disadvantage of the porous plugs is
that they are not very effective stirrers. Two factors influence their poor performance. First, only
a relatively small amount of gas can be introduced per plug. More gas flow requires more plugs
thus adding complexity. Secondly, if the furnace bottom tends to build up, the plugs are covered
over with a lime/slag mush and gas does not stir the steel bath. Rather, it escapes between the bricks
and the protective mush. Another problem is at higher flow rates, the originally installed plugs do
not last very long (1500 to 3000 heats) and replacements are shorter lived (200 to 2000 heats). The
reasons for the shorter replacement plug life is not clear.

The use of the bottom stirring tuyeres (rather than plugs) can lead to stirring reliability and effec-
tiveness problems. The tuyeres are known to get blocked early in the lining campaign when there
is a buildup at the bottom of the furnace. The tuyere blockage can be prevented by maintaining
proper gas flow rates through the tuyeres at different stages of the heat, by using high quality
refractory bricks in the area surrounding the stirring elements or tuyeres, and by properly main-
taining the bottom of the furnace by minimizing buildup.
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9.5.2.3 Bottom Plug/Nozzle Configurations

There are basically three types of tuyeres used for mixed blowing. First, there is a refractory ele-
ment that behaves much like porous plugs. This unit is made of compacted bricks with small slits.
Like most tuyeres, it needs sufficient gas pressure to prevent steel penetration. This unit is more
penetrating than porous plugs. Second, an uncooled tuyere is used to introduce large amounts of
inert gases per nozzle. This results in local heavy stirring, which can more easily penetrate the
buildup. Air or oxygen cannot be used because there is no coolant and the heat generated would
make tuyere life too short to be practical. The third type is a fully cooled tuyere similar to the OBM
(Q-BOP). Here, either inert gas or oxygen can be blown, causing very strong stirring and almost
no problems penetrating bottom buildup.

In all cases the gas piping is routed through the furnace trunnions using rotary joints or seals to
allow full rotation of the furnace.

9.5.3 Onygen Steelmaking Practice Variations

9.5.3.1 Post-Comhustion Lance Practices

Post combustion involves burning the CO gas produced by the reaction of carbon in the metal
with jet oxygen, to CO, within the furnace. The heat generated as a result of this oxidation reac-
tion can be used for any of the following purposes: (1) to increase the scrap-to-hot metal ratio, (2)
to minimize the formation of skulls formed at the mouth of the vessel, (3) to minimize the for-
mation of lance skulls and (4) to reduce the formation of “kidney” skulls in the upper cone region
inside the BOF.

In a normal BOF operation, the percentage of CO in the off gas is approximately 80 to 90% dur-
ing the middle portion of the blow, when the rate of decarburization is maximum, Fig. 9.16.2 The
oxidation of the CO gas to CO, generates 12 Mcal per Nm> CO (1260 BTU per scf CO)), which
can melt more scrap and/or reduce skulling problems.

Post combustion lances have primary nozzles as well as secondary nozzles which typically are
located at about nine feet from the tip of the lance, Fig. 9.17. The primary nozzles in PC lances are
identical to those of the standard lances. They consist of four or five nozzles at the tip of the lance
with inclination angles varying from 10 to 14 degrees. Usually, there are eight secondary nozzles
above the primary ones, directed out, at an angle of about 35 degrees from the vertical. The oxy-
gen flow rate through the secondary nozzles is considerably less than through the primary ones,
usually 1.5 to 15% of the total oxygen flow.
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Fig. 9.16 The percentage of CO and CO, gases in the BOF offgas. From Ref. 27.

512 Copyright © 1998, The AISE Steel Foundation, Pittsburgh, PA. Al rights reserved.



Oxygen Steelmaking Processes

Studies show that post combustion
has been successfully used to melt
additional scrap in the BOF (achiev-
ing scrap-to-hot metal ratios of 25%
— BOFvessel or more), and to reduce lance and
furnace mouth skulling problems. It
Secondary nozzles has been found to increase the turn-
down temperature, if additional
scrap or coolant is not added, to
compensate for the extra heat gener-
Primary nozzles ated. No effect on slag FeO?8 and
turndown manganese in metal has
been found. There has been no
effect on refractories when post-
combustion is used at low flow rates
in the skull control mode. However,
if post-combustion is used in high
flow, scrap melting mode, some care
Fig. 9.17 Schematic of a post combustion lance in a top- in design and operating parameters
blown BOF. must be observed to avoid damag-
ing the cone.

9.5.3.2 High Scrap Melting Practices

The ability to vary the scrap-to-hot metal ratio in a BOF is important because of the variations in
scrap prices and the possibility of having hot metal shortages from time to time due to problems in
the blast furnace. Several shops add anthracite coal early in the oxygen blow as an additional fuel
to melt more of scrap. Such processes can be used in conjunction with post combustion lances.

A recent example of the scrap stretch is a series of steelmaking processes called Z-BOP that were
developed in Russia to melt higher scrap charge.?”-30 These processes include Z-BOP-30, Z-BOP-
50, Z-BOP-75 and Z-BOP-100, where the numbers indicate the percentage of scrap charge in the
BOP. The Z-BOP-100 process utilizes 100% scrap charge with no hot metal, using the conventional
BOP with virtually no equipment modifications.

In the Z-BOP processes, the additional energy required to melt scrap comes from lump coal
(anthracite and high volatile bituminous), which can be fed using a bin system. In the Z-BOP-100
process, the first batch of scrap is fed into the furnace using a scrap box, and coal is added in small
batches while blowing oxygen. This process continues with additional scrap being charged. The
number of scrap boxes charged can vary from three to five. The main blow commences when all
the scrap is charged in the furnace, and small additions of coal are made throughout the main blow.

The typical tap-to-tap time for the Z-BOP-100 process is 64 to 72 minutes. No one has used these
high scrap percent processes on a sustained basis because of damage to the furnace linings. Typical
iron yield of the Z-BOP 100 process is about 80%, (91-92% is normal for the BOF) and the slag
FeO content is very high (45 to 72%; normal for the BOF is approximately 25%). The sulfur con-
tent of tapped steel was not found to be higher than that of the scrap itself.

The major disadvantages of this process include decreased yield, increased slag FeO which can
adversely affect the refractory lining, presence of tramp elements similar to EAF, and presence of
fugitive emissions (SO, and NO, ). This process may be used during hot metal shortages, but is not
proven for continuous use. Some shops have used a 70% or 80% scrap charge to accommodate a
blast furnace reline and stretch a limited amount of hot metal from the remaining blast furnace(s).

9.5.3.3 Slag Splashing Refractory Maintenance

Any improvement in the furnace lining life is a boon for steelmakers due to the increased furnace
availability and reduced refractory costs. Slag splashing is a technology which uses high pressure
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nitrogen through the oxygen lance after
tapping the heat, and splashes the
remaining slag onto the refractory lining,
Fig. 9.18. The slag coating thus formed
cools and solidifies on the existing
refractory, and serves as the consumable
refractory coating in the next heat.

¢ Lance

\ ——— BOF vessel

Slag splashing is currently being used by
several BOF shops, and has extended
refractory lining life to record levels. A
typical slag splash operation following
the tapping of a heat is as follows:

4 Liquid slag coating
the vessel wall

1. The melter observes the slag,
and determines whether any
conditioning material such as
limestone, dolomite or coal
must be added. High FeO lev-
els in the slag (estimated by a
simple correlation with turn-
down carbon and manganese
values) are undesirable, and these slags are either not splashed or are treated with
conditioners to make them more viscous.

Fig. 9.18 Schematic of slag splashing in the BOF.

2. The vessel is rocked back and forth to coat the charge and tap pads. The furnace is
then uprighted.

3. The nitrogen blow is started when the oxygen lance is lowered in the furnace to a
predetermined height. The positioning of the lance and the duration of the nitrogen
blow are determined by the melter, and depend on the condition of the slag and the
area of the furnace that has to be coated.

4. At the end of the nitrogen blow, the furnace is tilted and excess slag is dumped into
the slag pot.

Not only has slag splashing been successful in increasing the furnace lining life, but it has also sig-
nificantly reduced the gunning costs. One major company has reported a reduction in gunning cost
by 66%, and an increase in furnace availability from 78 to 97%. No detrimental effects on the turn-
down performance (chemical and thermal accuracy) of the furnace have been found.

Slag splashing has reduced the frequency of furnace relines considerably. This creates a problem
in maintaining hoods, which is normally done during long furnace reline periods. Now, planned
outages are needed for hood maintenance without any work on the furnace lining.

9.5.34 Effects of Desulfurized vs. Non-Desulfurized Hot Metal

Generally, heats that are made for sulfur sensitive grades of steel (0.010% or lower) must be desul-
furized. Grades that do not have stringent sulfur specifications (approximately 0.018%) may not
require hot metal desulfurization. The high sulfur content of the hot metal (approximately 0.06%)
has to be reduced to acceptable levels in the hot metal desulfurizer, the BOF and/or in the ladle.
The hot metal desulfurizing station can reduce the sulfur levels in the hot metal to as low as 0.001%
through injection of lime and magnesium.

The BOF is not a very good desulfurizer because of the oxidizing conditions in the furnace. Heats
using non-desulfurized hot metal can be desulfurized to approximately 0.012% sulfur in the BOF.
However, heats using desulfurized hot metal may pick up sulfur if the slag in the desulfurizer was
not skimmed properly or if a high sulfur scrap was used.
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Some shops desulfurize virtually 100% of the hot metal to enable the blast furnace to run with a
lower flux charge. This practice also reduces the heat burden on the blast furnace and saves coke.
The net effect is a reduction in hot metal costs that is larger than the expense of desulfurizing.

9.6 Process Control Strategies
9.6.1 Introduction

Process control is an important part of the oxygen steelmaking operation as the heat production
times are affected by it. Several steelmaking process control strategies are available today, and steel
plants use strategies depending on their facilities and needs. Process control schemes can be
broadly divided into two categories: static and dynamic. Static models determine the amount of
oxygen to be blown and the charge to the furnace, given the initial and final information about the
heat, but yield no information about the process variables during the oxygen blow. Static models
are basically like shooting for a hole-in-one on the golf course: there is no further control once the
ball leaves the face of the club. Dynamic models, on the other hand, make adjustments during the
oxygen blow based on certain in-blow measurements. The dynamic system is like a guided missile
in a military situation; there is provision for in-flight correction for better accuracy to hit the target.

Lance height control is an important factor in any control scheme as it influences the path of the
process reactions. Detailed descriptions of static and dynamic models currently in use by the steel
industry, along with a brief discussion of lance height control, follow.

9.6.2 Static Models

A static charge model is normally a computer program in an on-site steelmaking process computer.
Plants have static models that depend on the type of operation and product mix. The static charge
model uses initial and final information about the heat (e.g. the amount of hot metal and scrap, the
aim carbon and temperature) to calculate the amount of charge and the amount of oxygen required.
The relevant information is collected in the process computer, and a static charge model calcula-
tion is performed at the beginning of the heat. The output from the model determines the amount
of oxygen to be blown and the amount of fluxes to be added to attain the desired (aim) carbon and
temperature for that heat.

Performance of the charge model depends on a number of factors: the accuracy of the model; the
accuracy of the inputs (aims, weights, chemistry of charge ingredients) to the process computer; con-
sistency in the quality of materials used and of practices; and conformance to the static charge model.

The objective of the static charge model is to have improved control of carbon, temperature, sulfur
and phosphorus. An accurate control over these variables using the model will result in fewer
reblows and steel bath cooling, which are time consuming and expensive. Improved control will also
result in better iron yield, greater productivity, better refractory lining life and an overall lower cost
of production. The OBM (Q-BOP) static charge model is essentially the same as the BOF model,
except for slight modifications arising out of differences in slag chemistry and natural gas injection.
Most of the static charge models have an OK-to-tap performance of approximately 50 to 80%.

There is one BOF shop in Europe that achieves over 90% OK-to-tap performance. It is a two-furnace
LBE type shop with inert gas bottom stirring. They use only one furnace at a time while the other is
being relined. Their success is attributable to discipline, attention to detail, pushing the one furnace
very hard which results in consistent heat losses, almost zero furnace maintenance with resultant
short lining lives, and well-developed computer models. Their resulting tap-to-tap times are very
short and production rates are very high. There is no dynamic control system nor sensor sub-lance.

9.6.2.1 Fundamentals of the Static Charge Model

The charge model consists of a comprehensive heat and mass balance involving different chemi-
cal species that participate in the steelmaking reactions. The hot metal poured into the steelmaking
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vessel typically contains 4.5%C, 0.5%Si, 0.5%Mn and 0.06%P, apart from other impurities. These
elements, along with Fe, get oxidized during the blow to form gases and slag, and these reactions
generate the heat required to run the steelmaking process.

The static model also contains information on the heat of oxidation of different elements, such as
carbon and iron, as a function of the oxygen blow. This information, along with a comprehensive
mass balance involving different chemical species, determines the amount of heat generated from
the steelmaking reactions as a function of total oxygen blown.

The primary coolants used in oxygen steelmaking processes are scrap, iron ore (sintered or lump),
DRI and limestone (or dolomitic stone). The heat generated from the oxidizing reactions must be
balanced with the use of these coolants to achieve the temperature aim of the heat. The model
determines the amount of hot metal and scrap to be charged in the furnace, depending on the size
and the type of heat to be made.

The rate of decarburization as a function of oxygen (available from the lance as well as from the
ore) must be known to determine the duration of the blow, so that the heat turns down at the desired
carbon level. The model also computes slag basicities (normally in the range of two to five) for
effective dephosphorization and desulfurization. The amount of silica in the slag is calculated from
hot metal silicon, assuming that it gets oxidized entirely to silica. The amount of lime (CaO) to be
added is calculated from the desired basicity and the amount of silica formed from oxidation.

The charge model also determines the amount of dolomitic lime (CaO-MgO) to be charged into
the furnace from an estimate of the overall slag chemistry. It is important to saturate the steelmak-
ing slag with MgO to protect the furnace refractory lining.

9.6.2.2 Operation of the Static Charge Model

Many different kinds of charge models exist. In one typical model, charge calculations are made
in three separate steps at the beginning of a heat. In the first step, called the hot metal calculation,
the steelmaking operator makes a charge calculation of the amount of hot metal and scrap needed
for the heat, given the product size, and the aim carbon and temperature of the heat. The hot metal
analysis may or may not be available at this time. If not, an estimate based the on previous hot metal
analysis is used.

Having fixed the hot metal and scrap weight, the operator runs the second part of the calculation,
which is called the product calculation. For this, the hot metal analysis is required. The amount of
fluxes to be added and the amount of oxygen to be blown are determined. This part of the calcula-
tion takes place before the start of the oxygen blow.

The third part, the oxygen trim calculation, takes place during the early stages of the oxygen blow
and after the fluxes have been added to the furnace. In this step, the charge model utilizes the actual
amounts of fluxes added to the furnace (which can be different from the calculated amounts), and
provides the new trimmed value of total oxygen. This step is required to correct for any variations
in the process due to weighing inaccuracies in the amount of flux charge.

9.6.3 Statistical and Neural Network Models

Over the last few years, a significant amount of attention has been given to statistical methods
designed to improve the performance of the static charge model. The turn-down performance of the
static model does not only depend on the accuracy of the mass and thermal balance of the steel-
making system, but also on the inherent variability of the process which arises out of a number of
factors that cannot be accurately quantified. Steelmaking melters use the concept of bias adjustments
to correct for unexplained inconsistencies in temperature or carbon performance. For example, if the
melter finds a series of heats that were hot for unexplained reasons, he makes a temperature bias cor-
rection for the following heat, hoping that it will turn down close to the aim temperature. This bias
correction, in effect, alters the aim temperature of the following heat for the purpose of charge cal-
culation. The problem here is that different operators may react to a given situation differently and
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therefore the manual adjustments lack consistency. In addition, many operators are tempted to tam-
per (make adjustments too frequently), thereby introducing another variable.

Statistical models, in effect, use the same concept of bias to make adjustments in the charge cal-
culation for a heat but do so with better consistency. The model tracks the turn-down performance
of heats, and by statistical means, determines the amount of unexplained deviations in the perfor-
mance of carbon, temperature etc. The model, then instructs the charge model to make appropri-
ate modifications in the inputs for charge calculation for the following heat, so that these
unexplained deviations may be countered. Studies indicate that the statistical models have been
successful in fine tuning the static models to some extent.

Neural network algorithms are also being developed and used to improve the turndown perfor-
mance. In this technique, the dependent variables (such as turndown carbon and temperature) are
linked to the independent variables of a heat (such as the amount of hot metal, scrap and ore)
through a network scheme. The network may consist of a number of layers of nodes, connected to
each other in a linear fashion. As the input signals enter the network, they are multiplied by certain
weights at the nodes and the products are summed as these signals are transferred from one layer
to the next. The weights are determined by training the neural network model based on available
historical data. The outputs from the model are calculated by adding the product of the weights and
the signals in the last layer of the model.’

Researchers have obtained reasonable success in estimating process variables using neural network mod-
eling.3® However, the success of this technique depends on the quality and quantity of input signals that
are fed into the model. In simple terms, the old computer proverb is still valid: “garbage in, garbage out.”

9.6.4 Dynamic Control Schemes

Several steelmaking shops are currently using dynamic control schemes in combination with sta-
tic models to improve their turndown performance. Dynamic control models use in-blow mea-
surements of variables such as carbon and temperature, which can be used in conjunction with a
static charge model, to fine tune the oxygen blow. A few dynamic control schemes are discussed
in the following sections.

9.6.4.1 Gas Monitoring Schemes

This scheme is based on a continuous carbon balance of the entire BOF system. A gas monitoring
system, which normally consists of a mass spectrometer, continuously analyzes dust free offgas
samples for CO and CO, and determines the amount of carbon that has been oxidized at any given
stage of the blow. Given the amount of carbon present in the system at the beginning of the heat
(calculated from hot metal and scrap), one can calculate the level of carbon in the metal dynami-
cally during the oxygen blow.

Although this method has a sound theoretical basis,** it has not been very successful at the com-
mercial level. One problem is that it is not possible to accurately determine the initial amount of
carbon present in the hot metal and scrap. Even a small amount of error in determining this initial
carbon content could result in serious process control problems.3* Another problem is the diffi-
culty in continuous and accurate determination of the amount of CO and CO, exiting the system
as offgas. Often the volume of filtering apparatus and tubing and the time to analyze a sample
causes a delay of more than 60 seconds before the result is displayed or available for control.

9.6.4.2 Optical and Laser Based Sensors

A few shops in North America have started using light sensors to dynamically estimate carbon lev-
els in the low carbon heats. The light meter system continuously measures the intensity of light
emitted from the mouth of the steelmaking vessel during the oxygen blow.” The system then cor-
relates characteristics of the light intensity curve with the carbon content towards the end of the
oxygen blow when the estimated carbon is around 0.06%. This system has been been quite suc-
cessful in dynamically estimating carbon levels in low carbon heats (0.06% or less), and adjusting
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the oxygen blow for improving the turndown carbon accuracy. However, this system cannot be used
for heats with aim carbon greater than 0.06%.

A few oxygen steelmaking shops have tried using laser based sensors to dynamically estimate the
bath temperature. Some laboratory researchers have attempted to devise a probe that would take
in-blow metal samples and provide instant chemical analysis. However most of these techniques
are still in the developmental stage and are not yet commercially available.

9.6.4.3 Sensor or Sub-Lances

Sensor or sub-lances are effective tools for controlling both the carbon and temperature of the
metal.#! In this technique a water-cooled lance containing expendable carbon and temperature sen-
sors is lowered into the bath about two or three minutes before the end of the oxygen blow. The
sensor determines the temperature of the metal bath at that time of blow and the carbon content of
the steel by the liquidus arrest temperature method. The carbon and temperature readings thus
taken are fed into the process computer which determines the additional amount of oxygen to be
blown and the amount of coolants to be added.

The sensor lance has proven to be an extremely effective process control tool, with an OK-to-tap
performance of 90% or more. The drawbacks of using sensor lances are substantial capital costs
and engineering and maintenance problems. There are many oxygen steelmaking shops in Japan,
and a few in North America, that are currently using the sensor lance technique to improve their
turndown performance.

9.6.4.4 Drop-in Thermocouples for Quick-Tap

Drop-in thermocouples or bomb thermocouples are effective tools for measuring the temperature
of the metal bath without turning down the steelmaking vessel. The thermocouple is contained in
a heavy cylindrical casing, which is dropped into an upright vessel from the top of the furnace.
The thermocouple probe has a sheathed wire attached to it which can convey a reliable emf read-
ing before it burns up. The generated emf is conducted to a converter card and a computer, which
converts the analog emf signal to a temperature value. The temperatures recorded by drop-in ther-
mocouples have been found to be in good agreement with those measured using immersion
thermocouples.

Drop-in thermocouples can be used to quick-tap heats, i.e. tap heats without turning the furnace
down for chemical analysis. Certain grades of steel do not have stringent requirements for phos-
phorus or sulfur. In such a case, all that the steelmaking operator has to worry about at the end of
the blow is temperature and carbon. If the operator feels confident that the carbon level in the bath
is below the upper limit as specified by the grade (by either looking at the flame at the end of the
oxygen blow, or by reading light meter carbon estimates, or by any other means), then he can use
a drop-in thermocouple to determine the temperature of the metal bath without turning the vessel
down. If the temperature recorded by the drop-in thermocouple is close enough to the aim tem-
perature, then the heat can be quick-tapped.

Quick-tapping is becoming increasingly popular in North America with the advent of better
devices for measuring in-blow carbon and bath temperatures. Quick-tapping has the obvious
advantage of saving the production time that is otherwise consumed in turndowns. However, there
is an obvious risk that a quick-tapped heat may be later found to have one or more of the elements
present above their specification limits, in which case the heat may have to be regraded or
scrapped. Another disadvantage is that the sensors cost between $0.05 to $0.10 per ton of steel.

9.6.4.5 Sonic Analysis

Several studies have been carried out in the past to correlate the audio emissions from the steel-
making furnace to the decarburization reaction and slag/foam formation. Investigators found an
increase in the sound intensity at the beginning of the blow due to the establishment of the decar-
burization reaction.*? The sound intensity reportedly decreased with the onset of slag and foam
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formation in the slag. The sonic device can be used to control carbon and slag formation, which in
turn can be used to control dephosphorization. These units can be affected by extraneous noise.
Control is done by altering lance height or blow rate.

9.6.5 Lance Height Control

Lance height is defined as the vertical distance between the slag-metal interface in the furnace and
the tip of the oxygen lance. The consequences of poor lance height control were discussed earlier in
Section 9.2.2.6 on Oxygen Blow. It is an extremely important parameter as the height from which
oxygen is blown affects the overall fluid flow of metal and slag during the blow. It is important to
be able to measure it and to keep it consistent to achieve good process control of the furnace.

9.6.5.1 Measurement of Lance Height

Measurement of lance height was also discussed earlier. However, the best practice in measuring
lance height is to do it often. If the furnace bottom rapidly changes, due to either excess wear or to
rapid bottom buildup, the lance height should be measured frequently (once per shift). If the fur-
nace lining shape is stable, then less frequent determinations (once per day) will suffice. Lance
height has a significant effect on slag formation, furnace and lance skull formation and decarbur-
ization rate. Generally, the safest, reasonably accurate method is calculating the bath height from
refractory wear laser data.

9.7 Environmental Issues

9.7.1 Basic Concerns

Environmental or pollution control issues are becoming increasingly difficult and costly. State
jurisdictions are setting increasingly stringent standards for new site permits or for significant
modification to existing processes. Nearly every process has become a source of emissions.
Usually, these must be controlled to a legal standard which is measured in pounds or tons per unit
time. Sometimes, tradeoffs are permitted as long as a net major improvement or emissions reduc-
tion is achieved.

There are at least five major characteristic sources of environmental pollution. These include air-
borne emissions, water borne emissions, solid waste, shop work environment (usually burning and
welding) and safety, and noise. Air emissions are the major issues in a BOF shop. Water borne pol-
lutants, generated by the scrubber system, are clarified by settling and then the clean water is recir-
culated. Solid waste is generated by oxide bearing materials collected from the scrubber,
electrostatic precipitators or baghouse. While much solid matter is recycled, the rest is put into long
range storage for byproduct use (i.e., aggregate) and future recycle (for example, Waste Oxide
Briquettes). Noise generally is not a major concern in a BOF (i.e., compared to an arc furnace).
Shop environmental and safety is always a major concern for personnel protection and employee
morale. This discussion will concentrate principally on issues of air pollution.

9.7.2 Sources of Air Pollution

There are two broad areas: undesirable gases such as CO, fluorides or zinc vapors; and particulates
such as oxide dusts. A brief summary of the various sources is discussed below.

9.7.2.1 Hot Metal Reladling

Pouring of hot metal from the torpedo car into the transfer ladle results in plumes of fine iron
oxides and carbon flakes. This mixture, called kish is the major source of dust and dirt inside the
shop. The graphite particles are generated because the liquid hot metal is saturated with carbon and
when the temperature drops during pouring into the ladle, the carbon precipitates out as tiny
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graphite flakes. The usual method of control is to pour inside an enclosure (hood) and to collect
the fume in a baghouse.

9.7.2.2 Desulfurization and Skimming of Hot Metal

Pneumatic injection of the liquid iron with nitrogen and magnesium with a lance stirs the metal and
generates a fume similar to that of reladling. Often, the reladling hood is designed to accommo-
date the desulfurizing lance operation. During slag skimming, the splash of slag and metal is col-
lected in a vessel (usually a slag pot) which also generates fine oxide fume. This is frequently
collected in a separate hood over the skimming collection pot.

9.7.2.3 Charging the BOF

There is some fume generated when the scrap hits the bottom of the furnace. However, the major
emission is generated while pouring hot metal into the furnace. Here, very dense oxide clouds,
kish, and heavy flames rise quickly. Some shops have suction hoods on the charging side above the
furnace that collect fume and divert the heat away from the crane. However, many shops are not so
equipped and must rely on slow-pouring to limit the fume emission from the roof monitors to com-
ply with regulations. Pouring too fast results in heavy flame reactions that have been known to
anneal the crane cables, causing spillage accidents.

9.7.24 Blowing (Melting and Refining)

By far the largest mass of fume is generated during the main blow. Approximately 90% by weight
of total sources is generated at this point. The fume consists of hot gases at temperatures, over
1650°C (3000°F) and very heavy concentrations of iron oxide particles. The particulates can con-
tain heavy metal oxides such as chromium, zinc, lead, cadmium, copper and others, depending on
the scrap mix. The gas composition is approximately 80 to 95% CO and the rest is CO2. In open
combustion hoods, where air is induced just above the furnace into the cleaning system, the tem-
peratures can be as high as 1925°C (3500°F) because of further combustion of CO. The fume is
mostly fine iron oxides with some other oxides and dusts from flux additions.

The collection systems for this fume are of two types. Open hoods draft enough air to completely
burn the CO before it hits the filtering device. Closed or suppressed combustion hoods either elim-
inate or reduce the induction of air to very low levels (<15%). This reduces the required fan horse-
power and filtering capacity. However, consistent sealing between the furnace and hood is required
to prevent the generating and igniting of explosive mixtures. Generally, the capital and operating
costs for closed systems are less than for open systems. Thus, the most recently built shops are
characterized by closed hood systems.

Another controlling characteristic is the filtering device. Two types have been successful in BOFs:
electrostatic precipitators and venturi scrubbers.

The electrostatic precipitator draws the gas and fume into chambers. These are used only with open
combustion hoods. These contain many parallel plates or alternating plates and wires spaced
closely together within a few inches. Alternate elements (usually wires) are charged to a high
potential. As the fume nears or contacts the highly charged element it becomes charged and is
attracted to the other element (of opposite charge). Periodically the charge is dropped and the ele-
ments are vibrated, which releases the fume into a hopper and transport system below.
Precipitators require gas temperatures less than 370°C (700°F) and some moisture (>6%) to be
efficient. A common problem is plate warpage, due to excessive heating, which results in electri-
cal short-circuits.

The venturi scrubber, used with either open or suppressed combustion hoods, induces the gas/fume
through a violent spray which washes and separates the fume from the gas. The oxide laden water
is then subjected to a series of separation processes, which are a combination of centrifugal, chem-
ical and settling operations. The settled filter cake is dredged and dried for recycling. Most facili-
ties now use venturi scrubbers.
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9.7.2.5 Sampling and Testing

Turning the furnace down for testing and temperature sampling generates fine oxide fumes at a rel-
atively low rate. Most of this fume is drafted into the hood above. However, many shops running
on limited fan capacity close off suction in the hood on the testing furnace and start blowing the
next heat on the other furnace. The sampling/testing fume rates for a bottom-blown process are
much heavier than top-blown furnaces due to continued blowing through the tuyeres to keep them
clear. Most bottom-blown facilities use a charge-side enclosure, or doghouse, to effectively collect
these emissions into the main hood. In effect, the doghouse is a set of doors that extends the hood
down to the charging floor.

9.7.2.6 Tapping

Some fume comes directly from the furnace but most comes from steel colliding with the bottom
of the ladle or other liquid steel. The addition of alloys increases the smoke during tap. Some fume
is collected in the main hood, but much escapes through the roof monitors. Some shops use a tap
collection hood and route the fume to a baghouse.

9.7.2.7 Materials Handling

The handling of fluxes, alloys and treatment reagents can be a significant source of fume. Often the
handling facilities are equipped with a collection system that leads to a baghouse. Materials used in
small amounts per heat can be transported in bags or super sacks to eliminate fugitive dust during
transfer. Sometimes materials quality control specifications are required to control the generation of
dust during handling and transfers. Reducing burnt lime fines specification is an example.

9.7.2.8 Teeming

Ingot teeming generally does not require special collection systems unless a hazardous element,
such as lead, is involved. Free machining bar stock and plates alloyed with lead are common exam-
ples. Here lead is added while teeming ingots. A mobile hood collects the lead laden fume while
teeming each ingot. It is both a hazardous material for the workers (vapors and particulate) and a
solid waste. Further, workers’ lead contaminated protective clothing and equipment are collected
in special containers for proper disposal.

9.7.2.9 Maintenance and Skull Burning

The BOF operations generate skulls on equipment such as the furnace mouth, ladles, oxygen
lances, metallic spills etc. These must be processed or removed by oxy-propane burning or oxygen
lancing. Generally, this is a small emission source.

9.7.3 Relative Amounts of Fumes Generated

Most of the fume in the overall process is generated during the main blow. Table 9.11 summarizes
the relative amounts of fume generated from various BOF sources. Overall, about 31 Ibs of fume
are generated per ton of steel. Over 90% is from the main oxygen blow and reblows. The OBM
(Q-BOP) and other major bottom blowing processes generate somewhat lesser amounts of fume
with larger particle sizes which are easier to collect than the case of 100% top-blown.
Desulfurizing and tapping each generate about one pound per ton.

Table 9.11 also shows how much is removed by a reasonably good filtering system. A well
designed system will reduce the fugitive emissions in a shop to less than 0.2 lbs/ton, or by 99.4%

There is at least one consultant who has developed an effective modeling technique to test and opti-
mize emission collection designs. A test is done in a water tank using small jets of salt water as
pollution sources. The salt water is more dense than fresh water, and when put into a fresh water
tank and modeled upside down, it generates a plume startlingly like the real thing. This technique
has been very successful for both conformance to emission standards and for improving shop work
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Table 9.11 Summary of Major Emission Sources of a BOF Shop. From Ref. 44

Emission Source Approx. Amt. (Ib/ton, steel)
BOF hot metal transfer, source 0.190
Building monitor 0.056
Hot metal desulfurization, uncontrolled 1.090
Contralled by baghouse 0.009
BOF charging, at source 0.600
Building monitor (roof top) 0.142
Contralled by baghouse 0.001
BOF refining, uncontrolled 28.050
Controlled with open hood, scrubloer 0.130
Controlled with closed hood, scrubber 0.090
OBM (Q-BOP) refining, closed hood scrubber 0.056
BOF tapping, at source 0.920
Building monitor 0.290
Contralled by baghouse 0.003
Total at source or uncontrolled, BOF 30.850
Total controlled (scrubber, baghouse) 0.158
Total controlled (scrubber, monitors) 0.497

environment. Most jurisdictions look favorably on such modeling to check the viability of candi-
date collection system designs.

9.74 Other Pollution Sources

9.74.1 BOF Slag

BOF slag is generated at a rate of approximately 240 pounds per ton of steel. Currently about half
of this quantity gets recycled within the plant to the sinter plant or is used directly in the blast fur-
nace. Such in-plant slag recycling has been declining because of higher steel quality demands, e.g.,
lower phosphorus. Other uses such a aggregate and agricultural purposes are being explored.

9.74.2 BOF Dust and Sludge

BOF dust and sludge is generated at a rate of approximately 36 pounds per ton of steel. Small
amounts are sold to other industries, such as the cement industry, while small amounts are recy-
cled to the sinter plant for metal recovery. There is a growing interest in using this material in the
BOF as an iron source and coolant, in the form of WOBs or waste oxide briquettes.

The major driving forces for recycling come from government mandated pressures to reuse
byproducts and not to land fill them. In many cases there is an economic opportunity to use a low
cost iron or coolant source. Problems to be overcome are buildup of phosphorus during recycling,
zinc content, moisture, and the use of safe and suitable binders to improve handling characteristics.

9.7.5 Summary

Studying emission sources is a way to understand the process from another point of view. It is of
increasing social and legal importance. Different jurisdictions do not always agree on acceptable
levels, but they are all headed toward tougher environmental standards in the future. Accordingly,
pollution control measures and evolving technologies will increasingly influence the design, capi-
tal, work environment, and operating costs of shops. Considerable thought by the steel industry is
now being given to controlling emissions through engineering.
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