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ABSTRACT

J Methods for controlling slopping (slag overflow) -

were studipd in the Steel Company of Canada's Hilton Works
basic oxygen furnacé installqtion. A link was established
between slopping and various operati&ghconditions by draw-
ing on the experiencé o% the furgpace %%;rators and by
.examining ingot Yiéld data. - An on-line control system was
developed which used changes ip the temperature of the
furﬁaée waste gases to” signal when corrective action should
be taken to prevent slopping. During trialé, this sysfem'
reduced slopping and increased ingot yield by 3§Proximate1y

one percent. .

The chemicallcomposition of slag from normal and
slopping heats was studied iq an attempt'to determine why
slopping occurs. The\results of this‘study support a mech-
anism prop;séd by F. Bardenheuer (Ref. 21) which relates

_increases in slag foaming in the B.0.F. to the precipitation

~
of dicalcium silicate and gveroxidation.
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CHAPTER 1
INTRODUCTION

Y

""All went quietly at first, but after about 10
minutes a rapid change took place, a voluminous whifé'flame
and an ever=incréasing stream of sparks being ejected from R
the mouth of the vessel, followed by explosions and evolu-
tions of molten slag and metal, the apparatus becoming a
veritable volcano in a state ef active eruption.", [27].

This graphic account describes one of Sir Henry Bessemer's
first experiments in pneumatic steelmaking, however, it could
equally well apply‘fo the slopping of a modern basic oxygen

furnace. Despite the advances in steelmaking technology
:%which have taken place since Bessemer's day, slopping remains
a problem which has never completely been solved., "

Slopping is related to the process of slag formation
in basiq_Bxygen steelmaking. As oxygen is injected into
a basic oxygen furnace, carbon, silicon, manganese and iron
are oxidized (a mére complete description of B.O.ﬁ. operation
‘is given in Appendix II). The resulting silica, iron oxide
and manganese oxide react with fluxes charged into the vessel
and the refractory lining of the furnace forming a slag. The
oxidation of carbon generates carbon monoxide, some of which
rises through the slag making it foam (figure 1}. Normally

there 1is enough space inside the furnace to contain this

foaming, however, occasionally the capacity of the furnace
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Figure 1: Sections through a BOF Showing the
: Developmert of a Foaming Siag
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is exceeded and the slag overflows. This overflow of slag

is referred to as slqpping.

~Slopping creates.several pfoblems for steel producers.
Since iron is lost along with the slag, slopping reduces the
amount of hot metal and scrap which can be recovered as
usable product. This decrease in yield increases the cost
per ton of steel produced:in B.0.F. shops. Also, the number
of.tqns of steel whieh can be produced by a furnace per
hour is reduced, because the operation of the furnace must’
be delayed to take corrective action to stop slop;ing and to
remove ejected slég. By reducing the number of heats which
slop, furnace productivity could be increased and operating
costs lowered.

Many difficulties face an investigator trying to‘
develop a workable method for preventing slopping. One méjor
problem is the large number of facters, many of which are
interrelated, which affect the opération of -a basic oxygen
furnace.‘ Isolating‘thdse factors which are related to
slopping requires large amounts of data and demands téreful
analysis. Time, money and the physical constraints of basic
oxygen furnace operation limit the depth to which the problem
of slopping can be studied. Ultimately, the degree of
success which is achieved depends upon the investigatof‘s
ability to make the best use of the resources at hand. This
thesis describes a study into methods of controlling slopping

which was carried out in the Steel Company of Canada Ltd.'s

Hilton Works, basic oxygen furnace shop.
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CHAPTER 2

RELATION BETWEEN OPERATION
CONDITIONS AND SLOPPING

2.1 Background: Off-line Control

All methods of controllihg B.0.F. slopping can be
categorized as eithe} on-line or off-line systems. In on-
line control systems, carrections are made during the blow
in response to some 'real timef signal which indicates
whether the heat is about to slop. In off-line control
Systems, on the othgr hand, the corrective action is taken
before the blow starts and‘i; based on past experience of
how various operating conditions-affect sloppiné.

Off-line systems for controlling slopping seek to
reduce the number of heats which slop by either eliminating
or minimizing the effect of factors which have been found
to cause slopping. The foliowing factors have been reported
in the literature as causes of slopping: |

(1) Hot metal silicon above 1.2 percent [1,2]y
‘(ii) Hot metal manganese outside the range 0.5-0.9

percent [1,3{4];

(iii) Charging more th;n‘thé'fuwnace's designed capacity [1];
.(iv)_ Use of fluorspar tb speed lime'dissolu;ion [1,51;

(v) Use of iron oxide as a coolant {1];

(vi) Use of a newly relined furnace [6];

{(vii) Choice of oxygen lance design [7,8];

3
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(viii) Blowing with. the lance highqi above the steel bath

than normal [5,7].

Because operating conditions vary from company to
company, some of-these factors will be more of a problem
in one B.0.F. shop than another (e.g., the amount of over-
charging varies from company to company).

‘ A t;riety of actions can constitute off—line control
of slopping. For example, restricting the aim manganese
content of the hot metal for the B.O.F. [3] and regularly
checking the lance to bath separation [7] are both off-line
methods of control. Because problems differ, off-line
control practices vary from company to company. Off-line
control practices can often only be implemented to a limited
extent because they conflict with other aspects of a company's
operation. For example, although it ié desirable to
eliminate overcharging to reduce slopping, thg need to
produce as much steel .as ﬁossible from existing steelmaking
facilities may force a company to exceed the design capacity'
of fheir B.O.F:s.

: _/,

2.2 Characteristics of Slopping Heats at Stelco

Before attempting t¢ improve methods of off-line
control, the factors which are linked to slopping in Stelco's
B.0.F. operation had to be identified. Rather than exaﬁining
all the factors reported in the literature, Stelco's B.O.F.

operators were asked which of the factors they felt were



most important. These men reported, based on their operat-
iﬂg exﬁerience; that the following factors caused slopping:
(i) _Véssel lining life less than approximately 400 heats.
(ii) Use of an oxygen lance with damaged nozzles. |
(iii) Hot metal manganese concentration’ greater than
approximatgiy 1.2 percent. | |
(iv) Hot metal silicon concentration greater than

3

approximately 1.0 percent.

)

An attempt was thén made to quantify the effect of
each of these four factoys on shop Opération. Since records
are not kept of which heats'slop, ingot yield was used as
a measure of the severity of slopping. As figure 2 shows,
the average ingotyield drops as slopping becomes more
severe. Ingot yield was also used because it is an indicator
of productivity familiar to the B.O.F. supervisors - (This
was an important consideration since,;hese were the men most
concerned with the problem).

Only heats teemed into 24 x 28 inch big end up ingot
molds were selected for this study. Attention was restricted
to these heats because of the small ingot size (the 5.9 ton
B.E.U. ingot is the smallest size produced at Stelco.) ‘

Iron losses are most likely to reduce the number of ingots
produced on these heats so that their yield is vefy sensitive
to the effect‘of slopping. Data was collected on over 3000
heats produced between October, 1975 and October, 1976.

In analyzing this data, heats with similar lining
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" Figure 2: ’‘Influence of Slop Seve;ity on Average
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88 -+
. 86.8
86.0
. 86-
853
84 83.6
82 -
ol T T T T 77— —
NONE LIGKHT . ME DIUM HEAVY.
SLOP SEVERITY

Description .

No.slqpping '

Light slopping; approximately 0 to 40% of

the conical section of the vessel shell covered
by molten slag. _
Medium_élopping; approximately 40 to‘BO%‘coverage.

Heavy slopping; approximately 80 to 100% coverage.



lives, lance lives, hot metal manganese contents and hot
metallsilicon'contents were érouped togetﬂer. By compar-
iné the average ingat yields among these groups, an attempt
was made to evaluate the effectg éf each factor on slopping.

This analysis of yield data sﬁpported the observa-
tions of the ﬁessel operators. The average ingot yield
was found to increase steadily as the vessel lining life
increases (figﬁre 3). This trend is consistént with the
observation of the vessel operators that slopping is more |
frequent when there are less than 400 heats on the furnace
lining. A drop in yield was also noted when heats were
blown using a lance which had been in service for more than
TQO heats (figure 4): This drop in yield reflects the
increasé in slopping which occurs as the nozzles in the
oxygen lance graduq}ly deteriorate (figure 5). The ave}age
ingot yieid also dropped when the hot metal silicon content
was over 1.0 percent and.the manganese content over 1.2
percent (figure 4). Both of these findings support the
operators' observation that slopping is more frequent when
the concentration of manganese and silicon in the hot metal is
higher than normal. (see Appendix III)

As a result of this stuay, further research on off-
line control has been undertaken. Methods of reducihg oxygen
lance nozzle deterioration are currently being investigated;
The effects .of reduciﬁg the hot metal silicon and mﬁnganese
concentrati&ns on the steelmaking and iron making operations

are also being evaluated.
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Figure 3: Effect of Vessel Life on BEU Yield
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Figure 4:
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Influence of Hot Metal Silicon, Hot Metal

Manganese, and Lance Life on BEU Yield
(Vessel Life 0-800 heats).
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Figure 5: Typical Lance Nozzle Wear (Mach 2.2 Lance).
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CHAPTER 3

ON-LINE CONTROL
TRIALS AT STELCO

3.1 Background: On-line Control

\l
On-line control is the other method of preventing

slopping. In an on-line control system, each heat is
monitored during the blow fer some sign that slopping is
imminent. During these periods, the operation .of the
furnace is adjusted so that slopping can be prevented. The
vessel operator is responsible for on-line control in most
B.0.F. shops; by watching for the first sign of slag
ejection, it is usually possible for an experienced vessel
operator to make corrections in time to prevent further
slopping. Unfortunately, because there i% little visible
indication that a furnace is about to slop before the first
ejection of slag, it is almost impossible, even for an
experienced operator, to completely eliminate slopping. To
improve on tHis\performance, some means of determining
what is occurring inside the furnace is required. A variety
of methods havevbéen developed (Table 1). Ea;h of these
techniques is desefibed briefly below.
(1) Chemical Analysis of the Waste Gas

In a B.O.F., oxygen from the lance oxidizes both slag

forming elements (principally iron, silicon and manganese)

and carbon. It has been found that whether or not a heat slops

S12 -
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&
Table 1:
. Monitoring Systems for
: Controlling SloppiM
Monitoring Technique References
Chemical Analysis of the Waste Gas 9, 10
Waste Gas Temperature 11, 12
Lance Expansion 13
Lance Water Temperature 14
Flame Emissivity 15
% CO, in the Waste Gas’ 6
Noise Level in the Fdrnace 10, 16
Furnace Weighing 17




deﬁends on how oxygen is distributed between the slag and
carbon [10]. Slopping frequently is preceded by accumulation
of abnormally large amounts of iron oxide in the slag. By
continuously-analyzing the chemical co;position and flow
rafe of the'wéste gas coming out of the furnace, it is possible
to measiire how much of the lance oxygen is being used to
oxidize carbon. The amount of oxygen which is being used for
slag formation can then be computed by difference. By
monitoring many heats, a distributi;n of oxygen between the
slag and carbon can be established which will prevent slopping.
Slopping can then be controlled by regulating the operation
of the furnace so that every heat maintains this correct
distribution of oxygen.

. Control systems, based on waste gas analysis have
both advantages and drawbacks. The major advantage of such
a system is that the waste gas analysis can also be utilized
to estimate the carbon content of the steel while the heat
is being blown. With this information the amount of oxygen
which must be blown to reach the desired end-point carbon
concentration can be estimated much more accurately. This
procedure, known as dynamic control, can reduce the number
of reblows which are required, thus cutting heat time and
increasing shop productivity (for a fuller description of
dynamic control see reference [9]). The principal disadvantage

of using waste gas analysis as an indicator is the problem

of maintaining the gas analysis equipment. In the dirt and
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heat typical of aIB.O.F. shop, gas analysis equipment requires
frequent maintenance and calibration by trained personnel

to ensure that it gives reliable readings.

(ii) ' Waste Gas Tempefature
_'In most basic oxygen furnace shops, the carbon

monoxide generated by the decarburization reaction is allowed
to mix with air at the vessel mouth before passing up the
exhaust system. This carbon monoxide burns completely to
carbon dioxide raising the temperature of the gas mixture
‘[known as waste gés). If air is drawn in at a relatively
constant rate, the temﬁerature of the waste gas will vary
with the rate of carbon monoxide generation. Changes in the
waste gas temperature then give a'quaiitative indication of
the distribution of oxygen between the slag and carbon. By
monitoring many heats a characteristic temperature evolutiéﬁ
profile can be established for heats which did not slop.
Slopping can then- be avoided 5} adjusting the operation of the
furnace so that this same pattern of temperature evolution is
maintained on every heat.

The only equipment required to measure the waste
gas temperature is a thermocouple mounted in the gas stream
and some form of read-out device, such as a chart recorder.
Because it uses such simple equipment, a control system
bgipd on waste gas temperature can be installed easily and
inekpensively in most B.O.F. shops and will oper#te reliably

with minimal servicing. The major disadvantage of using the
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waste gas temperature as an indicator is its susceptibility

to changes in the rate of air intake or carbon monoxiﬁe .

generation. For éxample, if the rate'of decarburization

were increased by raising the oxygen blowing rate, the waste

gas temperature would increase and its evolution would change:
Control systems using lance expansion, lance water

temperature, waste %as carbon dioxide concentration and flame

emissivity as indicators all work on similar principles to

those using waste gas temperature. All these indicators

give a qualitative indication of the decarburization rate.

As with waste gas temperature, slopping is prevented by

adjusting the furnace operation so that the indicator fallows

the same pattern on every heat. The operating advantages

and disadvantages of these control methods are similar to

those of systems based on waste gas temperature.

(i1i) Noise Level

When the jets of oxygen from the lance strike the
surface of the-metal bath, they generate noise. This noise
is loudest early in the blow when there is little slag to
muffle it. As the blow proceeds, more slag is formed. As
this slag builds up, it covers the lance head atténuating the
noise of the jets. By measuring the loudness of this jet
noise, an indication of the volume of slag in the furnace
can be obtaiﬂed.‘ The noise level which can be tolerated
without slopping is determined by _h:nitoring many heats.

Slopping then can be prevented by adjusting the operating



rl

conditions whenever the noise level indicates that the slag
volume is approaching the capacity of the furnace.

A significant drawback of control systems based on
noise level ‘is tﬁe large amount of development work which is
required. The equipment used to measure the sound intensity
must be tuned to the characteristic frequency of the jet
noise so that the signal will be unaffected by background
sound. Since furnaces have different characteristic fre-
qu;ncies, fhe resuits in one BOF shop ¢annot be used in
another; extensive tuning tests must be conducted before any
attempt can bé made to develob a workable .control system.

Maintenance of the sensitive microphones, necessary for these

systems, can also be a problem in a BOF shop.

(iv) Vessel Weighing ’

The changes in the weight of a basic oxygen furnace
and its conten&s.can be measured continuously by mounting loﬁd
cells in the pedestals used to support the furnace's trunnions.
By measuring the changeg in weight throughout thelblow, it is
possible to determine whether oxygen is being used for slag
formation (wéighp increase) or decarburization (weight decrease).
An oxygen distribution between carbon and slag which will
ﬁrevent slopping can.be established by experience. SPOpping.
c;n then be prevented by altering’ the furnace operation to
maintain this correct distribution. -

The information from a vessel weighing system can be

used for other functions besides controlling slopping. It is



reported that the vessel weighi systems can be used for
dynamic cqntrol of end-poifit carbon and temperature, to
monitor the weights of hot metal and scrap charged and to
measure refractory wear. The chief disadvantagés of vegsel
weighing are cost of the equipment required and the diffi-
culties associat®d with jacking up the furnace so that the
load cells can be installed in the pedestals.

The signals from any of these sensors can be used: -
in several ways. In some on-line control systems, the signal
from the monitoring system is displayed in the pulpit to help
the furnace operator decide when a correction should be made.
This approach has the advantages of requiring little extra
equipment (i.e. a chart recorder or C.R.T. display) and
allows the furnace operator to choose the corrective attioﬂ
which he has found to be the most gffecti e. The major dis-

advantage of this method is that the furnace operator must

pay constant attention to the display and this requirement may

often conflict with his other duties. The signal from the
sesnsor can also be linked to a controller which will auto-
| |

matically adjust the operation of the furnaces This method

allows the signal to be‘continuously monitored without burden-

ing the furnace operator. Its major drawback is its lack of

flexibility; the ability of thet}ystem to decide on the proper

correc?ion dependé upon the sophistication of the controller.

During the blow, there are only three ways of altering

the operation of the furnace to prevent slopping: the oxygen

&

»
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flow rate can be chahged, the lance height can be altered
or material can be addedlto the furnace. Reducing the rate
of oxygen injection will cause a drop in the decarburization
rate and an increase in the iron oxide concentration in the
slag. Increasing the lance height (i:.e. lance to bath
separation) also will bring about a reductiop in the rate of
carbon femoval and an increase in th? iron oxide content of
the slag. On the other hand, if the 5lowing rate ,is increased
or the lance height'feduced the rate of decarburization ﬁill
rise and the iron oxide content of the slag will drop (this
is known as hard blowing). In most BOF.shops any or all of
the following materials can be added during the blow to change
the slag composition:
. (i)- Burnt lime (Ca0)

(ii) Dolomitic lime {(Ca0 and MgO)

(iii) Limestone (Ca C03)

?iv) Fluorspar [Can)'
(v) Iron ore (Fe,04)

3.2 Development of Equipment for Measuring
the Waste Gas Temperature

Since the resources available for this study were
limited, only one of the on-line control techniques could be
tested. Waste gas temperature was chosen as the indicator
because it had been used successfully in a B.O.F. shop
similar to Stelco's [11]. Also, the equipment needed to

measure the waste gas temperature was inexpensive, readily



available and easy to install.
By trying various designs, a reliable thermocouple

assembly was finally developed (figure 65. Chromel-alumel
thermocouples were used because they were inexpensive yet
responded well over the temperature range encountered in the
waste gas stream (approximately 500 to ZSOOPF). A stainless
steel sheath was fitted over the thermocouple to prevent the
dust carried in the waste gas from abrading the tip. To
prevent the uneren heating in the gas stream from'causing the
sheath to warp, a water cooled jacket was installed to house
all but the last 6 inches of the thermocouple probe. The
thermocouple assembly was mounted in the waste gas duct
approximately 40 feet above the mouth of the vessel (figure 7).

| The signal from the thermocouple was recorded on a
~multi-channel chart recorder located in the vessel control
room. The rate at which the waste gas temperature changed
was also recorded during the blow by passing output from the
thermocouple through an electronic signal analyzer. The
remaining channels on the chart recorder were used to monitor
the signals from the following dev1ces‘

(a) Oxygen flow rate indicator

(b) Lence‘height indicator

(c) Waste gas pressure sensor

-(d) Waste gas oxygen .analyzer

(e) Wasce gas carbon monoxide analyzer

(f} Waste gas carbon dioxide analyzer
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Figure 6: Thermocouple Assembly for Measuring the
Waste Gas Temperature
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Figure 7: Cross Section through Stelco's Hilton
Works B.O.F. Shop
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3.3 Development and Testing of Procedures
for Controlling Slopping

Before an on-line control system could be developed,
slopping had to be related to changes in the waste gas
temperature. To eﬁEEEEESh this link, more than 70 héats
were monitored over a two month period. The waste gas
temperature and the time at which ahy slopping occurred were
recorded and the amount of slag‘ejected was estimated on all
of these trial heats. It was found that on heats which did
not slop, the waste gas temperature rose more or less steadily
over th; first third of the blow and leveled off at approxi-
mately 2000°F (figure 8). The waste gas temperatﬁre drifted
less than . 100°F from this plateau level up until the end
blow on high carbon héats (i.e. turndown carbon analysis
greater than approximately .20%). On low carbon heats, the
temperature remaiged at the plateau level until the final few
minutes'of the ‘blow when it started to drop slowly. Slopping
almost always occurred during this plateau period; only 10
percent of the heats which slopped ejected any slag during
the first third of the blow (figure 9). On all heats which
slopped, a rapid increase in the waste gas temperature always
immé&iately preceded the ejection of slag (figure 10)}.

”?it appeared from these trials that slopping could be
-prévénted if the.furnace operation were adjusted to maintain
the correct waste gas tempefature trace. As a test, a
series of trial heats were produced in Stelco's "numbet six"

basic oxygen furnace using the waste gas temperature to indicate
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Figure 9: Period During the Blow at which Slopping Starts
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Figure 10: Waste Gas Temperature Trace - Slopping Heat
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when corrections should be made to prevent slopping. The
furnace operation was altered® by reducing the oxygen flow
rate. This method was selected because Stelco's furnace
operators have found that it is the most rapid way of stopping
slopping.

The procedure, basically, was to force the waste
gas temperature trace to conform to the pattern which had,
been obeerved earlier on heats which did not slep (figure 8).
If the waste éas temperature rose at a rate greafer than
approximately 300°F per minute during the first third of the
blow, the oxygen flow rate was reduced fo slow the rate of
increase. Throughout the remainder of the blow, the oxygen
flow rate was reduced if the waste gas- temperature increased
at greater than approximately 50°F per minute. Figure 11 shows
the progress of ; heat controlled in this manner. As can be
seen from the graph, at about one minute into the blow the
oxygen flow rate was reduced to 10500 scfm, for about 30
seconds to counter a rapid rise in temperature and then returned
to 11500 scfm. The flow rate was subsequently reduced at 4, §
and 11 minutes into the blow because of rapid temperature
increases. No slopping occurred during this period. At 16
minutes into the blow, the. oxygen flow rate was }educed to
10,500 scfm in respense to a rapid rise in temperature. Some
slag was ejected shortly after and the oxygen flow was reduced

further to approximately 1@,000 scfm to halt this slopping.

The flow rate remained reduced until 18 minutes into the blow
>
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at which time it was returned to its normal setting. The
remainder of the blow passed without incident.

To determine if the control system had significantly
reduced slopping, the average ingot yfeld achieved on the
trial heats was compared to the average yield of heats made
using gie standard practice. The standard heats selected for

the comparison were produced in the same furnace, on the same

"days as the trial heats. This method of selection ensured that

operating factors, such as lance life and hot metal composition,
would be similar for the two groups, and so would not affect

(7
the comparison.

It was found that, by adjusting the oxygen flow rate
based on the wéste gas teﬁperature, thé yield could be improved
significaﬁgly. The trial heats which were' made during the
period when slopping normally occurred most frequéntly {(i.e.

less than 500 heats on the furnace'lining) had an average

'yield 0.9% higher than that of the standard heats (table 2).

When the number of heats on the furnace lining increased to
beyond 500, few of the heats méde using the nqrmal blowing
practice slopped. As a result, the aVerage yiéld of the trial
heats made during this period was not significantly better

than that of the standard heats. From these results, it

- was concluded that the number of heats which slop could be -

reduced by varying the oxygen flow rate in response to changes

in the waste gas temperature.

”

Although these trials had proven the feasibility of

using the waste gas temperature as the basis for a control



Table 2 Comparison of the Average Ingot Yield
Achieved on Control and Normal Heats
(0-500 heats on lining)
Average Standard Duration Sample
Yield Deviation of Main Size
(%) (%) Blow (min){ (Heats)
Normal 84.2" 3.3 21.1 222
Control | 85.1 2.4 21.8 56 )
Change +0. 9% ' +0.7 | | :

* Greater than 99% significant based on a 1 sided ™ test.

system, a practical method for'preventing slopping had'yet
to be developed. The practice of ménually adjusting the
oxygen floQ based on the waste gas t?Tperature, which was
employed for the trial heats, was impractical for day to day
use. Because of their other duties, the B.O.F. operajors
did not have enough time to continually monitor the giangqs
in the waste gas temperature during the blow. Therefore,

a control system was built which would automatically adjgét

the oxygen flow rate using the waste gas temperature as a

signal.
4

The control syséem was designed to prevent the waste
gas temperature from exceeding a specific threshold level.
During the trials, thg threshold temperature was set at
between 1800 and 2000°F so that the controller would qggg_info
operation 6n1y when the temperature of the waste gas exceeded

the normal plateau level. Sudden increases in the waste gas
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femperatu;e, such as those'which occur prior td®slopping,
would trigger the control circuit and the oxygen flow rate
would be reduced until the temperature dropped “back below the
limit. A gain control was also built into the control circuit
which adjusted the amount by which the oxygen flow rate was

cut for a given change'in waste gas temperature abo?e the
threshéld. lNo specific gain setting was used during the
,irials; the gain level was seletted{bf the observer onga da} _'
to déy basig Hepending on his assessment\Bf the behaviour of
the fﬁrnace. ‘

The waste gas temperature and oxygen flow rate tfaces
from a heat produced usi thig’control system are presented
in figure 12 to better illustrate its, operation. As may be
seen from this figufe, the control circuit came into‘operation
approximately 7. minutes into the blow when the waste gas
‘temperature exceeded the set-point temperature of 2000°F.

The oxyéen flow rate was reduced to 10,000 scfm as a result.
No slopping;.occurr'ed during this period. As the température
dropped, the control circuit g;adualiy'ihcreased the oxygen
flow rate until 11,060 scfm was.reached lb_minhtes into the
blow. At about 12 minutes the c%rcuit again dstected an

increase in waste/gas_;emperature and reduced the flow rate
to 10,000 scfm. Sparks were beiné'ejected from the furnace
at this time and at 13 miﬁutes some light slopping occurred.
About 16 minufes into the blow, the waste gas'température

—

again dropped and the circuit responded by increasing the oxygen
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flow raté. From this point, no furthef increases in waste
gas temperature occurred and the blow proceeded smoothly.

The equipment for thé control circuit was constructedf“ﬁm
by personnel from Stelco's B.0O.F. instrument repair depart- |
ment and installed in "number six" vessel pulpit. The
performance of the circuit was tested by using it to Eontrol
the oxygen flow rate on a series of heats over a full campaign.
As with the previous: trials, the performance of the control
was assessed by comparing the yield of normal and test heats
(table 3). Use of thé control circuit brought about a 1.2%
improvement in average yield through reduced charge loss from

slopping.

Table 3 Comparison of the Average Ingot Yield
Achieved on Control and Normal Heats

(0-500 Heats on Lining)

Average | Standard | Duration Sample
Yield | Deviation | of Main Size
(%) (%) Blow (Min) | (Heats)
Normal 84.6 3.5 21.4 253
Control | 85.8 2.6 20.9 77
Change +1.2* -0.5 |
' |

* Greater than 95% significant based on a 1 sided
Tt test.
During these trials, several difficulties were
encountered with this control system. One major problem
was how to select the correct set-point temperature. To

ensure rapid reaction to potential slopping conditions while
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avoiding unnecessary reductions in oxygen flqw rate, the set-
point temperature om a given heat should be as close as
possible to the normal (i.e. non-slopping) waste gas tempera-
ture. The temperature of the waste gases, when they reach
the thermocouple, depends on the rate at which air 1s being
drawn into the entrance to the waste gas duct to burn

carbon monoxide coming from the vessel. This flow of air
into the stack is controlled by dampers in the waste gas
cleaning system. Usually, the damper settings do not change
from heat to heat so the waste gas temperature reaches
approximately the same level. Occasionally, however, the
dampers open wider than norﬁal because the pressure Sensors
which control them become cldgged with dust. As a results,
more air is drawn into the stack and the temperéture of the

waste gases is depressed. Under these conditions the normal

_ . .
set-point. temperature is too high and the ability of the control

circuit to react to potential slopping conditions is impaired.

Throfighout these trials, operating conditions were
found to hgzz a significant bearing on the effectiveness of
the control system., Slopping was generally both severe and
persistent under the following conditions:
i) High manganese content in the hot metal (greater than
approximately_l.S%).
ii) Convergingfdiverging_pozzles‘on‘the‘oXyéen lance.
dahaged. -

iii) Lance to bath separation greater than pormal.



\

ﬂfo control slopping undem any of these conditions, it was
often necessary to run at reduced oxygen flow rate through
much of the heat. Brief reductions in the oxygen flow rate
{i.e. one to two minutes in duration), such as those
instituted by the control circuit, brought only a temporary
halt to the ejeétion of slag; .on restoring the flow rate to
its normal level slopping would return.

Since there were no simple solutions éo)these
problems, the control circuit was withdrawn from service. Work
on on-line control was suspended at this point so that more
attention could be directed toldeveloping methods of off-line

control.

“



CHAPTER 4

e —

OBSERVATIONS ON THE
MECHANISM OF SLOPPING
Testing methods of on-line and off-line control

in a BOF shop is laborious and time consuming because care
must be taken to ensure that operating factors (e.g. lin-

ing 1life, hot metal.composition) do not bias the results.

If the effect of a change in 6Eerating conditions could.be'
predicted from ‘theory, chaqges in practice which age unlikely
to reduce slopping would 'not need to be tested in pRoduction.
Therefore, a literature search was coﬁducted to findia
mechanism which would explain why slopping dccurs,

4.1  Mechanism of Slag Foaming Proposed
by E. Bardenheuer

Slopping occurs when the slag foams t? sﬁch an extent
that it exceeds the capacity of the furnace. To determine
whflslopping occurs it is ﬁhus necessary to understand the
mechanism of slag foaming. Bardenﬁeuér-[Zl], drawing upon
his own extensive experience and the work of other investigators
such as Kozakev1tch has proposed a mechanism to explain the
causes of(slag foaming. The following is a description of
this.mechanism. . i

If the rate at which gas enters the slag exceeds the
.Tate at which it leaves the volume of foam will increasel

Thus foaming will increase if gas is generated more rapidly

or if the gas bubbles remain. in the slag longer. Bubble

J
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residence time increases as the gas bubble's size, rate of
coalescence and rate of rise decrease. Bubble size may be
influenced by many factors including the size of the site
for its growth. The ratesof bubble coalescence and rise
decrease with increasing slag viscosity and decreasing inter-
facial tension. These two properties, in. turn, are affected
by the chemical composition of the slag, the presence of
precipitates and the temperature.

The rate of gas generation in the BbF depends on
the decarburization rate. Early in the blow, carbon must
compete with manganese and silicon dissolved in .the charge
metal for the gaseous oxygen supplied through the lance and so
the rate of decarburization, imitially, is slow. As the
silicon and manganese content drops, progressively more of
the oxygen is consumed by the oxidation of cafbon until,
after approximately 40 percent of the’ oxygen has been blown,
the decarburization rate reaches a maximum which it maintains
almost to the. end of the blow. The rate of decarburization
during this period is controlled mainly by the rate at whiéh.
oxygen is supplied through the lanée.

The oxidation of carbon occurs at several sites.
Part of the decarburization occurs via reaction between the
slag and iron droplets ejected from the metal bath by the =
force of the oxygen jet. It is believed that the carbon

monoxide generated by this reaction between carbon dissolved

in these tiny iron droplets and the slag oxygen causes foaming.

Low ok

L4
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Siafg foaming will thus increase as the number of droplets in
the slag increases and as the rate of the slag-metal reaction
increaées, The amount .of iron emulsified in the slag depends
on the rate of droplet generation and the residence time.

The rate of droplet generation in the EOF is relatively
uniform throughout the blow because a fixed blowing practice
(constant oxygen flow rate and-lanée to bath distance) is used.
The droplet residence time increases when the slag viscosity
rises and interfacial tension drops’, as was the case for the
gas bubbles. It %s thought that the rate of reaction is
controlled by the rate of oxygen transport in the slag and is
dependent on the activity of FeO in the slag.

Briefly then, the foaming of the slag will increase
with increasing gas bubble residence time, iron droplet
residence time and reaction rate, all of which are strongly
dependent on the compositid; of the non-metallic portion of
the slag. 'The concentrations of iron oxide and manganese
oxide strongly affect the foaming of the .slag. - As the con-
ﬁentration of maﬁganese oxide or iron oxide increases, the
activity-of FeO will rise, resulting in an increase in the
rate of reactién between the slag and carbon dissolved in the
entrained iron droplets. As a result, foaming will tend to
increase as the level of iron oxide or manganese oxide
increases. Set against this increase in the reaction rate,
-the residence time of‘droplets and gas bubbles tends to fall as
;he.concentration of iron oxide or manganese oxide rises

because these oxides reduce the orthosilicate liquidus
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temperature. If the concentrations of these twc oxides are,
too low, the liquidus temperature may exceed the slag tempera-
ture. The fine precipitatés which result hinder the

coalescence of both the rising gas bubbles and iron droplets

by adhering at the interface with the slag and by increasing

“the bulk viscosity. By increasing the residence time of the

bubbles and droplets, these conditions tend to promoté.

foaming. -
Extending this theory to sloppihg, slopping will occur
more frequently when conditions promote foaming. High con-
centrations of iron or manganese oxide in the slag and prec-

ipitation of dicalcium silicate are both likely to be

associated with slopping.

4.2 Investigation of the Mechanism
of Slopping at Stelco

A’ study was undertaken to find evidence which might
either support or contradict this mechanism. On 37 heats,
slag samples were taken during the period when heats most
frequently slop to determine if slopping is related to the
chemical composition of the slag (detailé of the sampling
and analysis procedures are given in-Appendix I). The chemical
analyses of these samples were plotted on a CaO—SiOZ-RO (where
RO = FeO + MnO + MgO + A1203) phase diagram so that the
compositioh of the slags could be easily compared .(figure 13).
For simplicity, tﬂe analyses ffom heats which did-not slop

were summarized by plotting the means and standard deviations

) |
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Figure 13: Composition of the Slag at 10 and 15
Minutes into the Blow
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only. The analyses of the samples taken during or just prior
to the ejection of slag were plotted for the 15 heats which
sloppeﬂ (figure 13).

The slag samples from slopping heats varied greatly
in composition. At one extreme, the composition of some of
the slag samples approached the 1600°C dicalcium silicate

“isotherm. Some of the slag samples from slopping heats had
much higher RO(gontents; the composition'of some samples lay
outside the 1400°C dicalcium silicate isotherm.

These results together with other observations made
during this study support the mechanism proposed by Bardenheuer.
The sudden increases in the temperature of the waste gas which
were always observed at the onset of slopping indicate that
slopping is linked to an increase in the rate of decarburization.
In the BOF, during the portion of the blow in which slopping
occurs, the rate of deca;bﬁrization is limited by the rate at
which oxygen is supplied [18]. Since the rate of oxygen
injection through the lange is_conétant, this increasé in the
\decarburization rate must Be caused by some change taking place
inside the furnace. It'isll'gical to suspect that the proper-
tie® of the slag must be different during periods of slopping
since thé'slag is the.only other source of oxygen. Many of
the slag samples from heats which slopped had composifions
which lay further within the dicalcigm siiicate zone on the
phase.diagram than normal. Other slag samples from heats
which sl&bped had abnormally high 'RO' contents. These.results

" support the contention that. slopping is linked both to
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dicalcium silicate precipitation and the concentration of
FeO and MnO in the slag. Since the proposed mechanism
agrees with these.observations made in Stelco's BOF shop,

it appears to be a valid explanation of the causes of slopping.

4.3 Use of the Mechanism to Explain How
Operating Conditions Cause Slopping

Using this mechanism, an attempt can be made to

explain why slopping is related to certain operating conditions.

a) Vessel Lining Life

The thickness &f the refractory lining decreases
slightly with every heat as a result of attack by the slag.
Over a campaign (aﬁp;oximately 1000 heats), this gradual
erosion of the lining increases the volume, available within

3 to approximately 5,300 fts.

the furnace, from 3,880 ft
More space is available to contain the foaming of the slag
because of this gradual increase in furnace volume and, as a :j>

)

result, slopping occurs less frequently. //

b) Hot Metal Silicon Content

In most BOF's, the amount of lime charged is varied
to maintain a lime to silica ragio (V-ratio) which will
ensure adequate suifur removal. As the silicon content of
the hot metal increases, more silica is generated and the
weight of lime charged must be increased. As a resul's the
slag volume tends to increase as ihe‘silicon content of the
hot metal increases. This increase in slag volume hinde;fr

the escape of carbon monoxide bubbles and so promotes foaming.



Slopping often results from this increase in foaming.

c) Hot Metal Manganese Content

An increase in the manganese content of the hot
metal tends to cause the MnO concentration in the slag to
increase. Such an increase, in turn, increases the activity
of FeO (18, 23]. As the activity of Fe0 inéreases, the raté
of decarburization (slag-droplet reaction) increases and
foaming is encouraged. Thus, increasing the manganese content
of the hot metal gives rise to conditions which are likely to

cause slopping.

d) Oxygen Lance Height and Nozzle Damage

It has been found that the FeQ content of the slag
increases if the oxygen lance is operated farther above the
bath than normal or if the nozzles, through which the oxygen
passes, are damaged [7, 24]. This increase in the Fe0
content increases the rate of decarburization (slag-dfoplet
reaction) and, as a result, tends to promote foaming.
Consequently, u;ing a lance with damaged nozzles or blowing
with the lance %oo high produces conditions which can cause

slopping.

e) Oxygen Flow Rate

When the oxygen flow rate is reduced, the total rate
of carbon monoxide generation decreases leading to a decrease
in foaming. Ii is this ability of the oxygen flow rate to

produce rdpid changes in the rate of gés generation which
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makes.it so effective in stopping slopping. -

Although reducing the oxygen flow rate is an effective
method of stopping slag ejection, it will not nécessarily
correct the conditions which give rise to sloﬁping. Reducing
the oxygen flow rate changes the distribution of oxygen so
that the iron oxide content of the slag increases [7].

Wheré sloppihglis initially caused by a high content of MnO
and Fe0O in the slag,'this additional iron oxide will only
aggravate conditions. On such heats, slopping will return
when any attempt is made to restore the oxygen flow rate to..
normal levels. On the other hand, in 'cases where sloppiﬁg

is related to the formatioﬁ of precipitates, the increase in
FeO resulting from the reduction in oxygen flow rafe can be
beneficial. On thesg heats, thelfluxing action of the iron
oxide' and the heat generated by the oxidation of the iron bath
promote the dissolution of the dicalcium silicate precipitates.
' Because of this limitation, an on-line control system which

is only capable of varying the oxygen flag_gate will likely be

only partially successful in preventing sloﬁping.

Y



CHAPTER 5§
CONCLUSIONS

It would be a mistake to think that all of the
findings of this study can be applied to the operation of
all basic oxygen furnaces. The relation between slopping
and operating conditions and the results of the on-line
control trials are relevant specifically to Stelco's B.O.F.
operation. In another steel company, whére the B.0O.F.'s
are operated different1y, slopping could be related fo
different operatiné conditions and another approach to on-1line
'control might be required. A generalization can be .made,
however, with respect to the r:5%$ion between slag formation
and slopping. Any sfeel company which is trying to reduce
slopping must develop operating praq&iCes for its B.O.F.'s

which minimize the chances that the slag will become over-

oxidized or precipitate dicalcium silicate.
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APBRENDIX I

DESCRIPTION OF PROCEDURES FOR \
& SAMPLI ANALYZING SLAG :

. /o '
slag was sampled, while the furn%iirg&§ operat-

ing, by dropping a chain throu the 1aqce entry port in the
waste gas duct (figure 7). Slag, frozen on the links,  could

be chipped off the chain when it was withdréwn from the furnace.
Two slag samples were takﬁg.in-this manner during each heat;
samples éere taken at 10 and 15 minutes into the blow. Because
of the thorough mixing inside-the furnace, this technique should
provide a representative sample of the liquid non-metallic
portioh of the slag for chemical anal&sis. Other advantages

of this method of sampling are its safety, simplicity and low

cost. f%cij
Before chemical analysis, the slag samples were ground
to -80 meéh and any metallic iron was magneticaliy separated.
Analysts, eﬁﬁloyed by Stelco's Research and Development_
Department, determined the composition of these sampleg. An
opticél emission spectrograph was used te measure the concentra-
tions,‘in weight percent,'of Cao0, SiOZ, Mg0O, MnO and A1203 in the
slag. A solution, prepared by dissolving a small amount of the’
powdered slag (less than 1 gram), was passed through the
spectrograph where an electric discharge was used to excite the
ions (CaZ+, Mg2+, etc.) into emitting light of a characferistic‘
wavelength. The~concentration was determined by comparing the

intensity of the emitted light to the reading when a standard

o
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solution was used. The FeQ content was detefmined by dissolv-
ing several grams of the slag in acid, then titrating with
a stanq?rd solution of potassium dichromate. Sincé the
speq?rograph does not distinguish between Ca0 dissolved in
the slag and Ca0 present as undissolved lime, a further analy-
sis was run to measure the 'free lime" content of the samples.
For this analysis, several grams of the sample were leached
. with a solution of sucrose and watef (20 g. of sucro;e
per 100 ml. of water). The resulting liquid was then titrated
with a standard acid solution. The percentage of Ca0 present
as “f?ee lime; was subtracted from the value from the spectro-
graph to give the percentage Ca0 dissolved in the slag. The
slag ‘analyses (i.e. Ca0O dissolved in the slag, MgO MnO, FeO,
SiO2 and Al2 3) were then normalized so that their sum came to
100 percent (Table IAI). (Note: A more detailed descrlptlon
of these analysis procedures can be obtained by contacting -
Stelco's Research and Development Department.)

The pseudo ternary dlagram used to present the analyses,
was'developed by researchers from the Institut de Recherches
de la Siderugies Francaise [251. This phase diagram was selected
because it was developed using slags with compositions similar
to those found in this study (Table IAII). The axes of this
diagram show the weight percentages‘of Ca0, SiO2 and RO in

the slag; where RO = FeQ + MnQ + MgQ + g;zos
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Table IAI: Composition, in Weight Percent, of
Slag Samples TakenmExgE Stelco's BOFs

* s

Slag Composition @ 10 min. Slag Composition @ 15 min. Slop
Ca0 [5i0, [MgO MO |FeO  f1,0<1Ca0 |Si0,[MgO | MO [FeO |A1,0.|Rating
33.8 |27.1]6.3 |17.4|12.4 | 2.6 |40.2]26.8|7.3[12.8 |9.8 [ 2.8 | ©
39.5 (34.6]7.3 |10.8] 5.7 1.2 [41.332.1]7.7[ 9.5 |7.4 [ 1.1 | O
a1.8 |31.0]7.1 [12.2] 6.0 1.6 |44.4{28.0|8.1[11.0 [6.7 | 1.5] 0O
36.8 |31.0{6.3 |15.8] 7.8 | 1.6 [38.7/30.2{7.3{13.9 {7.5 | 1.8 | ©
34,9 [28.1(9.3 [15.2[10.7] 1.5 [38.% 25.8{9.7|14.7 |9.8 | 1.5} 0
36.9 |27.4]7.6 {14.1[11.2] 1.9 | 38.7 28.2[7.4[11.9 |11.0| 2.2 | ©
35.3 [27.0[7.0 [16.3[12.3[ 1.9 [40.1] 26.2[7.6[14.21 | 9.7] 1.7 0
38.1 [28.5{7.2 |16.4] 8.8] 0.8 |37.6 29.9[7.8[14.4 | 8.2 1.1 | ©
39.9 |28.716.9 [13.6] 9.0} 1.9 [ 40.3] 23.9/10.611.4 |11.7[ 1.9 | ©
31.2 {26.0{7.6 {15.7/17.3| 1.8 fpexJ 25.6 7.7(13.6 |14.1] 2.6 | ©
35.8 |31.25.6 [18.1] 7.6| 1.2|40.4{ 29.2/6.4[15.7 | 6.6| 1.1| 0
32.4 |31.1}8.2 [15.0] 8.9 3.7/,%4.4 28.0{ 9.2]13.1 {11.2] 3.5] O
35.3 [27.706.6 |16.3]11.8| 2.8 34.8] 25.3{ 6.6|14.4 [15.9] 2.4] ©
27.4 |28.4]9.7 |16.8/15.6| 1.7 | 317} 25.7| 9.9(14.4 [15.8} 1.7} O
35.0 {28.9)8.7 |15.3| 9.0] 2.4 38.0 26.3} 9.2(13.5 | 10.0{ 2.4| 0O
52.8 |27.8 6.4 |15.9|13.6| 2.6 | 353 25.6| 6.6|13.7 |17.5] 2.7| 0
35.4 [27,1)5.8 16.8]13.9] 0.8 38.3( %.2| 6.8[14.6 [12.5] 1.0 0
34.9 [28.4]7.9 {16.0[10.8| 1.7 38.0{ 7.8 8.6[14.2 | 914] 2.1] O
37.9 128.0/ 6.2 |14.5| 7.5] s.0]40.0f 24.4 6.0[12.0 | 12.2] 4.6| O
33.3 | 27.6] 7.1 {16.4|13.6| 1.8 38.8| 27.1 7.4l14.5 |10.1] 2.0| ©
27.1 |24.718.2 |19.518.2] 2.0 35.7 21.410.3{16.8 | 13.1] 1.9| O
33.7 | 27.1| 6.5 |19.2[10.6| 2.5f 42.1| 24.4 7.1|15.6 | 7.5 2.6{ O




Slag Composition @ 10 min. Slag Composition € 15 min. Slop

Ca0 | $i0,| MgO | MO | Fe0 |A1,0.{ Cad .0, | Mgo|Mn0 | Feo |a1,05] R2TING

31.7 124.8/6.815.5 |18.6[2.1* [29.3 [27.3] 6.2]17.2 17.2 | 1.9 1
34.0 1 25.6[7.517.6 [13.6}1.3 (39.3(25.8] 7.2{14.4 11.4 | 1.7* 1
- g

39.9129.8[8.313.0 | 7.5(0.8* No Sample

35.8 1 30.077.516.0 | 7.3(3.2%[38.3{29.4] 7.6(13.1] 7.4 | 3.5 2

-~ ]

33.7 125.317.0119.8 |11.2[2.2 |38.7{24.7| 7.0|15.9118.6 | 3.3* 2

30.8 | 26.4| 6.4 [20.7 |12.9]2. 35.2124.4) 6.3)17.8[13.0 | 2.5* 2
36.0 | 30.0] 7.8 /18.2 | 5.3|2 38.6(27.3| 8.5{16 6.8 2.3*% 2
[38.3129.4[6.2 |12.4 11.8/1.2 143.9(25.8] 5.6/10.6(12.0 | 1.2* 3
41.3 | 31.4/6.0|11.3 | 8.0{1.8 |45.2(29.7| 6.6{10.0{ 6.0 | 2.3* 3
34.6 | 27.4]10.5[10.5 |13.1]3.1 [36.221.5 7.2 8.2(23.5]2.6* 3
38.4 130.106.0]16.0 | 7.9/0.8 [40.81{25.5| 5.7/14.9{11.4 | 0.8* 3
40.3128.7/9.3{13.1 | 6.1}2.2 [41.8{27.5]| 9.1]10.6] 8.9 |2.2*| 3
37.7 127.7| 7.8 117.3 | 6.0{2.6 |40.6[24.2| 7.3 13.8[10.6 | 2.6* ‘3
36.6 | 31.7] 7.6 |15.4 | 6.22.0*%|37.829.2] 8.7/ 14.2] 7.4 2.1 3
42.7 1 28.0{ 6.7 13.8 | 6.4[1.9%(44.423.56] 6.0 12.9)10.5 | 1.8 3

Asterisk (*) indicates the composition of the sample which
was taken closest to the time slopping occurred.

e




Table IA II: Slag Composition Ranges Used
by IRSID [Ref. 25]

4

Analysis in Wt., %
Range '
. Ca0 SiOZ RO Total
FeO | MnO | Mg0 | A1,0, | O
Minimum | 32.2 7.5 10.0] 5.0 | 6.5 2.0 23.5
. ) © Q
Maximum | 56.4 26.7 '30.0{12.0 | 6.5 2.0 50.5




APPENDIX II

I1.1 Description of “B.0.F. Operation
at Stelco

The operating‘practices, employe® in Stelco's B.O.F.
shop differ l1ittle from those used'in similar plants around
the world.

The hot metal, scrap and flux weights and the volume
of oxygen required for each heat are calculated by computer
based on heat and mass balances [26]. Hot metal, arriving in
torpedo cars from the blést.furnace, is weighed out into ‘a

-

ladle where its temperature is measured and a sample is taken
for chemical.:nalysis (silicon, sulfur' and manganese). Scrap
is loaded into a scrap box using a crane equipped with an
electromagnet. Cranes are used to charge both scrap and hot
metal into the furnace (figure IIA.1l). |

After the scrap and hot metal have bgen added, the
furnace is rotated to the vertical position, the lance is
16§ered to a spot a fixed distance above the bath and oxygen
is injected at 12,000 scfm. Lime, dolomitic lime and fluorspar
are Eharged through a vibratory feeder system over the first
4 mjnutes of the blow; they are added to prevent dissolution
of the furnace refréctories_and tg promote sulfur removal.
During the blow, silicon, manganese and carbon are oxidize@‘to
provide heat to melt the scrap and to bring the carbon con-

centration in the steel down to the required level. Carbon

monoxide, generated during the blow, is allowed to mix with

- 51 -
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air at the mouth of the vessel and burns to form carbon
dioxide. This waste gas passés up through.a auct to the gas
cleaning system where fine particles of iron oxide (fume)
are removed before it is exhausted into the atmosphere.
After the specified volume of‘oxygen has been blown,
the lance 1is retracted and the vessel is turned down into a
horizontal position. The steel temperature is then measured

and a sample is taken for chemical analysis (carbon, manganese

and sulfur). If the temperature, carbon concentration or sulfur

concentration do not meet specification, a second short blow
(reblow) takes place after which the temperature is remeasured
and a new sample is taken. When the.steel meets specifications,
the furnace is rotated into a horizontal position so that the
steel drains out into a teeming ladle through a tap hole in
the furnace wall. Ferroalloys are added to the steel whilg it
is being tapped into the teeming ladle to bring it to the
required composition.

After tap, tQ? furnace is rotated to the charging side
and the spent slag is poured out into a steel pot in which it

is carried to the slag dump.

’
s o i b




Figure‘IIA.l:

Cross Section through Stelco's Hllton

Works B.0O.F. Shop
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I1.2 Glossary

II.2.1 Definition of Terms

Blow:

B.O.E.:

Charge: -

~Charge to
Tap Time:

Fluxes:

Fume :

Heat:

Hot Metal:

Lance: *

Lance

Height:

Short for Big End Up. A type of ingot mold, which
\
widens toward the top, used for casting steel.
. .
The injection of oxygen into a B.O.F.
Short for Basic Oxygen Furnace (also BOF)
The raw materials added to a furnace: scrap, hot

metal and fluxes.

The time interval from the start of charging to

the finish of tapping.

A general term for the s&ag forming materials added
to the furnace: 1lime, dolomitic iime, fluorspar and
limestone.

Fing particies of dust (consisting mostly of

Fezos) which are genera;ed‘during blowing End are
entrained ih the waste gas.

B.0.E. steelmaking is a batch operation; each batch
of steel is called a heat.

Molten pig iron recei;ed from the blﬁgt furnace.

A water cooled steel pipe fitted with a copper

head used to inject oxygen into a B.O.F.

The distance between. the end of'the lance and the

asurface of the quiescent steel bath.

Lance Life: The number of heats made using a given lance.

y )



..Lining Life:

Pulpit:
Reblow:

s.c.f.m.:

Slop:

Tap:

Teem: — .

Waste Gas:

Yield: -

" Calcined limestone (Also known as Burnt Lime)

The refractory brickwork inside the steel shell
of a furnace.

The number of heatslmade in a furnace since the
last lining was installed (also referred to as
Vessel Life). |

A furnace control%room.

A brief period of oxygen injection used to
adjust the temperature and/or carbon content of
the steel.

Short for standard prfc foot per minute. It is
the unit usually used to measure the oxygeﬁ
injection rate.

The overflow of slag and metal from a B.O.F.
during the blow.

The period during which finished steel is emptied
from the furnace into a ladle.

The period during which ;}eel is drained from a
ladle into a series of cast iron molds.

A mixture of gases generated during the steel
refining operation. |
The percenfage'bf the hot metal, scrap and
ferroalloys which is recovered as usable ingots.

(Also known as Ingot Yield). ' -



11,2.2

Shop During 1975

Heat Size
Vessel Volume:

Average Hot Metal
Composition:

Average Flux Usage:

Average Oxygen
Consumption:

Oxygen Lance Design:

- 56 -

Operating Conditions in Stelco's BOF

design (tons) 120
average (tons) 138
new (£t5) 3,880
worn (fts) 5,300
‘silicon (§) .. 1.04
Manganese (%) 1.32

Burnt Lime (1b/T) 114

Dolomitic Lime

(1b/T) 53

Fluorspar (1lb/T) 4.5
3

(£t7/T) 1,750

Configuration - 3 Holes

Blowing‘Rate
(scfm) . 12,000

Velbeity
/

‘Mach 2.2 |

b
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11.2.3 Conversion from British to Metric'Units
. Br¥tish Metric Conversion
Quantity " Unit Unit Factor
Length in. cm 2.5&’_l
ft. m 3.048x10 ‘
Heat Size T (2000 1b)|t (1000 kKg) | 9.072x107%
Flux Usage 1b/T Kg/t 5.000x10"*
1
Volume £t m> 2.832x10° %
S P
Oxygen Flow scfm ¢ sms/mln. _2
Rate (ft3/min. | . {(m>/min. 2.832x10
@ S.T.P.) @ S.T.P.)
Oxygen 3 3 -2
Consumption £ft7/T m/t 3.121x10
Wagte Gas o o Op_
Temperature F ¢ 5/9 ("F-32)
) )
. F C
A A
"0 -17.8
250 121.1
500 260.0
750 398.9
1000 - 537.8
1250 676.7
1500 815.6
1750 954.4
2000 1093.3
2250 1232.2 / /
2500 * 1371.1

Ny
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APPENDIX III
FACTORS AFFECTING -INGOT YIELD

. varifation in R.0.F. ingot yleld is not caused

solely by slopptné} The_folloﬁtng factors also affect

—
ingot yleld: ' » '
(1) Hot metal stlicon and manganese content;
(11) Contamination of the hot metal and scrap;
(111) .Steel grade; S
(1v) varlation in ingot welght; .
(v) Teeming practice.

Most of the manganese and practically all of .
the silicon, in the hot metal charged to the B.O.F.
oxidizes and enters the slag. As a result, as the
silicon and manganese coﬁfent of the ﬁ;t metal increasesy
less of the_éharge-can be recovered and the ingot yield
drops. Increasing the hot metal silicon content from
0.75% to 1.25% will cause a drop in ingot yield of
approxtmately 0 4%, Similarly, if the manganese content
of the hot metal rises from 1.0% to 1.4%, the ingot
yield wtll fall by about 0.2%. The yleld differences,
" shown 1in ftgure 2, represent the effect of hot metal

silticon and manganese on both oxidadion losses and

slopping.
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Contamination of the hot metal and scrap reduces
tngat yield by lowering the 1iron coﬁtent of the charge.
Hot metal 18 contaminated when blast furnace slag 1s
carried over with th {ron while the charging ladle is
being filled from torpedo cars. In the Hilton Works

B.0.F. shop, an average of 3000 pounds of blast furnace

slag is charged per heat. Non-ferrous matexidls, left

behind during recycling, contaminate the ser p. It 1is

estimated that the scrap charge for a B.0.F.|heat contains
: ‘ (=N

2500 pounds of waste material. The to ount of charge
contamination vartes randomly from heat to heat.

Low carbon grédes of steel ténd to have lowqR
ingot yields. Typically, a grade which taps béIBw 0.2%
caréon will have -an average ingot yield 0.511§ower %P
a_grade'tapptng at 0.5% carbon. This difference is caused

partly by the extra canpon|lo§ rough oxidation. 1In

addition, a rapid increase 1 concentration of {ron

oxide in the slag occurs whe carbon level drops

be;ow 0.2% reducing the‘amodnt of reipvefable iron.

The total 1ingot we{ght used in ytleld galculations .
is computed by multtplytng the'number~§f tngoté df'a gfﬁé;
size by the nominal wetight per tngot. All ingot molds
of a gtven gtze are assumed to produce tﬁg;tsﬁﬁf éxactl} "
the same weight. In realtty, hbwever, manufﬁcturing .
tolé;ances and service wear, cayse molds of the same

nominal S1zegdds produce {ngots of slightly <ifferent
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welght. Because of this problem, it 1is estimated that
the ingot yteld\?gi'any ste/}e heat {3 only accurate”
to 0.5%. )
. fq$m1ng practtce can greatly affect the number

of usagie {ngots which can be produced from a heat of”
teei; Any ‘residual steel left {n the teeming ladle
1s caét into a scrap t{ngot known as a butt which is not
{ncluded when the yleld is calculated. Grades teemed
into small molds generally have lower butt losses and
so have higher average i{ngot ylelds. Steel can also

be lost durtg%}teemtng through spills and soltdtftéetton -
on the refractefﬁ 1ining of the teeming ladle (1i.e.
skulling). , -

In thts st ; care was taken to ensure that

any differences 1in

got ylelg could be related directly
to slopping. Large s mples ver sed to calculate the

average tngot yleld to m mize blas caused by random .

changes 1in charge c&n;qgigatton, grade mix, ingot wetght\

and teeming practice. Also, during the control trials,

teet heats were‘Eoipared to standard heats made over the

tlme period to be sure thet shifts in hot metal stltcon

and manganese concentrations wodld not affect the. results.
Stattstlcal tests were used to valldate the yleld dtrrerences

between the standard and test samples.

—
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