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Abstract 

The present work attempts to determine the feasibility of the 

accelerometer as an end-point control sens or for the basic oxygen 

steelmaking prc-cess. In this study, two series of laboratory scale BOF 

simulations were performed. In the first series, the accelerometer was 

sampled at lav! frequency to obtain an amplitude-time relation that can 

be related to the rate of decarburizaticn during the oxygen blow. In 

contrast, the accelerometer was sampled at high freqüency in the second 

series in order to discern the presence of speclfic vlbratl.onal 

frequencies that can be related to the process. As a final aspect ot 

the research work, several high frequency simulations were terml.nated 

prematurely in an attempt to elucidate the carbon content of the bath 

at the point in time when the accelerometer can clearly detect the 

final change in the rate of decarburization. 

In both series, it was found that the variance of the accelerometer 

signal over time clearly followed the ideal path of decarburization 

during the oxygen blow, and, more importantly, was able to detect 

deviations from this path. The final change in the equation governing 

the rate of decarburization was easily detected as a signiflcant drop 

in the variance of t t' accelerorneter's signal; indicating a decrease 

in the it.tensity of the vibrations as the vulume of C0'l3. produced aiso 

decreases during this period. 

In the high frequency series, it was neted that specifie vibrational 

frequencies can be related te the steelmaking process. Moreover, a 
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significant change in the pattern of these frequencies occurs when t~e 

carbon refl?rence point is passed and the rate of decarburizat 10n 

decreases. flowever, it was found that the frequency characteristics 

of the accelerometer' s signal was highly sensitive to changes to tt\e 

steelmaking vessel. 

Furthermore, results indicate that the carbon content of the bath when 

the accelerometer is able ta detect the decay in the decarburization 

rate js between 0.40 and 0.44 %C. The application of the accelerometer 

appears to be weIL suited ta the production of medium and low carbon 

steels whose end-point carbon is ler.s than 0.44 %C. 
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Résumé 

Ce travail tente de déterminer si l'utilisation de l' accéléromèt re 

corrone point de contrOle pour les convertisseurs à l' oxg~\ne est 

possible. Dans le cadre de cette étude, deux séries de simulation~ sur 

les convertisseur & l'oxygène ont ~té exécutées en laooratolre. D2ns 

la première série, l'accéléromètre était ajusté à basse fréquencQ afl~ 

d'obtenir une relation amplitude-temps qui peut être rellé aU taux de 

décarburisation durant le so\..~fflage d' oxygéne. Par cont rQ, 

l'accéléromètre était ajusté à haute fréquence durant la deuxlème sér19 

d~ façon à d~scerner la présence de certaines fréque~ce de vibratlon 

qui peuvent être reliées au procédé. 

Comme aspect rinal du travail de recherche, }?h'.sieurs simulations à 

haute Lréquence ont été arrêtées prématurément dans le but de 

déterminer le pourcentage de carbone dans le bain au moment où 

l'accéléromètre détecte clairement détecter le changement final du taux 

de décarburisation. 

Dans les deux séries de sumulations, il a été trouvé que la variation 

du signal de l'accéléromètre en fonction du temps suit clalremenl le 

courbe idéale de décarburisation durant le souff~age d'oxygène, et, de 

surcroî t, étaiet capable de détecter les déviations par rapport a cet t e 

Le changement final dans l'êqurttion gouvernant 'e taux de 

décarburisation étaiet facilement détecté par une chute importante dans 

la variation du signal de l'accéléromètre; ceci indiquc:nt une 

diminution de l'intensité des vibrations car le volume de CO'l" produit 



1 décroît aussi durant cette période. 

Dans la série à haute fréquence, il a été noté que ~artaines fréquences 

de vibrations peuvent ~tre reliées au procédé sidérugique. De 

surcroît, un changement significatif dans la courbe pour ces :réquences 

survient lorsque le ~0urcentage de ca=bone de ~éférence est dépassé et 

que le taux de décarbur~satlon rliminue. Cependant, il a été trouvé que 

les caractérlstiques des fréquences des signaux de l'accéléromètre sont 

très sensibles aux changeroents se produisant au convertisseur. 

De plus, les résultats indiquent que le pourcentage de carcone dans le 

bain, lors~~e l'àccéléromètre détecte la baisse drastique du taux de 

décarburlsation, est entre 0.40 et 0.44 %C. L'application de 

l'accéléromètre apparaît t~ès prometteur pour la productioi. d'acier 

moyen et bas carbone dont le pourcentage de carbone est plus petit que 

0.44%C. 
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1. Introduction 

As a result of recent economic conditions and market demands, steel 

producers must achieve higher productivity and quality levels, while 

simultaneously reducing operating and capltal costs. The development 

of new secondary refining techniques and the implementatlon of 

continuous casting technologies are perhaps the most apparent avenues 

to achieve these goals. However, the integration of the~e technologies 

into an existing steelmaking shop imposes new constralnts on the 

production of steel and, hence, increases the importance of control ot 

the steelmaking process. 

Dynamic control of pneumatic steelmaking processes has developed along 

two general paths, namely continuous mom toring of sensors wh ich 

reflect the status of the process, and actual sampling of the rnetal 

bath. The sampling of the bath is facilitated by the :.;ublanc0 

technology, and has achieved significant success. 

The major disadvantage of implementing the sublance technology ~s ~ts 

high capital and operating costs. Its implementation often requlres 

extensive modifications to the shop structure itself, ~ncreaslng the 

capital costs dramatically, which may explaln why the cost of 

implementation varies greatly from plant to plant. In addltion, hlgh 

operating casts are often incur~ed in malntainlng the sublance ~ystem 

operatiror~al. 

Since the cast of implementing the sublance may be prahlbltivE:! to sorne 
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steelmaking shops, these shops must pursue other means of controlling 

the steelmaking proces~. Thus, various sensors must be developed that 

can reflect the status of the steel in the vessel. One such sensor is 

the accelerometer, a vibration-sensitive device. The application of 

the accelerometer, as a process control sensor, is facilitated by the 

inherent solid-liquid-gas interactions which cause the steelmaking 

vessel ta vibcate during the process. An obvious factor affecting the 

magnitude of these interactions is the decarburization of the metal 

bath. The generation of COqas within the system imparts a mixing energy 

which causes the vessel to vibrate; the more COqas evolved, the greater 

the lntensity of the vibrations. Therefore, one would expect 

similarities between the rate of decarburization and the accelerometer 

signal. Another major factor affecting the interactions is the slag­

metal emulsion, which itself is influenced by the condition of the 

slag. These two factors are lhe rationale behind the application of 

the accelerometer in the dynamic control of the oxygen steelmaking 

process. 

The present research work was undertaken to determine the feasibility 

of the 2.ccelerometer as an end-point carbon control sensor by measuring 

the viarations of the steelmaking vessel during laboratory scale BOF 

simulations. Moreover, it attempted to elucidate three key points, (1) 

the major characteristics of the accelerometer signal during the oxygen 

blow, (2) the end-point carbon range or product mix for which the 

accelerometer can be applied, and (3) to suggest a simple control 

scheme for industrial applications. 
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The first part of the research work focused on obtaining a relationship 

between the amplitude of the accelerometer and the steelmakiug process 

itself. Since one can think of vib-ations as a variation in 

acceleration and, therefore, in the accelerometer signal, the first 

series of simulations monitored the accelerometer signal at low 

frequency. On the other hand, the second series of simulations 

attempted to discern the presence of specifie vibrational frequencies 

that can be related to the process. For this reason, the accelerorneter 

was monitored at higher frequencies. 

As a final aspect of the research work, the feasibility of Lhe 

accelerometer for various product mixes essentially the carbon end­

point for the steel, was determined. This involved terminating several 

high frequency BOF simulations prematurely in an attempt '0 elucidate 

the maximum carbon content of the steel that the accelerometer can 

detect, i.e. the carbon reference point. 

In this thesis, a thorough presentation of the basic oxygen steelrnaklng 

process, acceleration transducers, and the control of the baslc oxygen 

steelmaking process are made in Chapters 2, 3, and 4, respectlvely. 

A review of existing applications of the accelerometer in the steel 

industry is presented in Chapter 5. These chapters may be omitted from 

a first reading of this thesis, since an extensive body of literature 

bas been accumulated. 

Hence, tbe present experimental work is described in Chapter 6 while 
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the results are presented and discussed in Chapter 7. Chapter 8 

concludes this thesis with a summary and a list of conclusions and 

recommendations for future work. 
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The main route of produ~ing primary steel from iron oxide ore is the 

blast furnace followed by an oxygen steelmaking process. Iron oxide 

is reduced in the blast furnace to form a liquid iron saturated with 

carbon (=4.7 %C); metallurgical coke, a carbon source, is the reducing 

reagent. Present in the iron ore are gangue minerais, sorne of which 

are reduced to a certain extent (such as Si, and Mn) while others are 

not. Thus, the blast furnace produces an iron, referred to as hot 

metal, that must be refined in a subsequent step in the production of 

primary steel. 

The basic oxygen steelmaking process provides a technique that rapidly 

refines the hot metal received from the blast furnace. The removal of 

the majority of impurities in the hot metal is accomplished by 

oxidation followed by separation of the oxides into a separate phase, 

either liquid slag or gas. The oxidizing atmosphere is provided by the 

injection of high purity oxygen without supplementary fuel to generate 

the required heat; this characteristic distinguishes the basic oxygen 

steelmaking process from other processes. 

The various basic oxygen processes (BOP) existing today are typically 

categorized according to the oxygen delivery system, top or bot tom 

oxygen blowing. Further classification is made wi th respect to 

operating practices and the presence of stirring gases, post combustion 

facilities and other minor differences. The basic oxygen furnace (BOF) 
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process, the most cv~non type of BOP, delivers oxygen through a water 

cooled lance positioned above the melt, while the Q-BOP delivers oxygen 

through a set of tuyeres situated in the bottom of the vessel. 

Regardless of the type of BOP, the refining process is carried out in 

a vessel in which ~ small portion of the furnace volume is taken up by 

the charge. The capacity of these vessels ranges from 100-400 tonnes 

of charge. The process is an extremely efficient method of making 

steel, regardless of furnace size. The charge normally consists of 70-

80% hot metal and 20-30% scrap steel and/or irone Variations in the 

scrap ratio from plant to plant are largely due to differences in 

operating philosophies and process type (ie., BOF vs. Q-BOP). 

Basic oxygen steelmaking plants differ from one another largely with 

respect to equipment layouti this is primarily due to provisions for 

casting facilities and arrangements required to integrate existing 

plant facilities. The latter reason is a result of the relatively 

young age of the BOP, especially when compared to the blast furnace 

process. Plant equipment layout and subsequent logistics of material 

haridling, such as the L..:ansfer of hot metal and liquid steel from one 

process step to another, plays a critical role in the performance of 

the basic oxygen steelmaking plant. However, the implication of such 

operational considerations is beyond the scope of this report. 

In this chapter, a general description of the oxygen steelmaking 

process will be given followed by a review of the physical chemistry 

! and kinetics of the oxygen steelmaking process. 
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2.2 General Description of the Oxygen Steelmaking Process 

2.2.1 BOF/LD/LD-AC Oxygen Steelmaking 

2.2.1.1 Introduction 

The BOF process refines hot metal in a solid bottom, cylindricai vessei 

using a verti· dl water cooled oxygen lance entering from above. The 

vessel, lined with refractories, is mounted on a set of trunnions that 

facilitate charging and tapping of materials by tilting the vessel. 

The charge comprises of hot metal, scrap and fiuxing reagents. Small 

quantities of iron ore may aiso be added. The product tapped from the 

vessel is liquid steel low in impurities, ranging in carbon from 1.0 

%C to less th an 0.05 %C. 

Two major by-products are generated by the BOF: a liquid slag 

containing most of the impurities and an off-gas comprising of CO and 

CO2, depending on various factors. The liquid slag is typically sent 

to a benefication plant te recover its iren and iron oxide content 

before being used in such applications as road fill. The off-gas is 

exploited for its heat content. 

As was rnentioned in the introduction, the unique aspect of the BOP is 

that the energy generated during the refining process is sufficient to 

bring the metal to its final temperature. The BOF, in tact, rnakes use 

of the heat generation to recycle approxirnately 30% by weight of scrap 

steel and/or iron without the use of supplementary fuels. Occasionally 

the heat balance may be altered to account for various factors, 

including supplernentary fuels required to significantly increase the 

proportion of s~~ap charged. 
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The 1,0 steelmaking process, named after Linz and Donawitz, was 

developed in 1952. The development of the LD was preceded by several 

years of experimentation, most notably by R. Durrer[I,2]. Durrer' s 

experiments were carried out on a pilot plant scale of 2.5 tons. The 

results obtained showed clearly that it was possible to refine iron by 

use of pure oxygen and to remove the impurities by the use of a basic 

slag. The experiments also indicated that a relatively large 

proportion of scrap could be added, nearly 50% of the charge in sorne 

cases. 

Pilot plant scale work gradually evolved into a commercial plant with 

a 35 ton vessel in 1952. The scaling-up work was performed at Linz in 

association with VOEST, an Austrian Iron and Steel producer[31. A 

technical group representing VOEST management concluded that because 

of prior common knowledge, especially patents of Bessemer (1856) and 

Scharz (1931), the process was 110t patentable. However, patent 

applications were filed in Austria and the United States, US patent No. 

2800631 was subsequently issued. 

'rhe us patent was the focal point of several law suits between the 

licensing agent and several US steelmakers. The US courts concurred 

with tr.'· VOEST technical group declaring the patent invalid because it 

did not meet the" substantive requirements of the Patent Laws". As a 

result of the conflict, North American steelmakers referred to the LD 

process as the BOF, hence, the reason for the two names. 

The growth of the BOF process, outside of Austria, was concentrated in 
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North America. The earliest plants were sized mostly from 30 to 50 

tons with the notable exception of Jones and Laughin' s Aliquippa vessel 

rated at 80 tons. After these initial plants were proven successful, 

the number of installations and the size of the vessels cùntinued to 

increase dramatically. Amazingly, ten years after the first commercial 

plant, Great Lakes Steel commissioned a 300 tons vessel at Escore 

Michigan, US[4]. 

The initial growth rate in Europe, however, was limited primarily by 

a high phosphorous content in the hot metal. In England, France and 

Germany, the ma jor process was the basic Bessemer or the Thomas 

process; these are based on a high-phosphorous hot metal and a two-slag 

practice. Ini tially, the LD process could not successfully relllove 

phosphorous, thus / making the steel inferior. The problem was uvercome 

by the development of the LD-AC and OLP processes, in Benelux and 

France, respectively. Both processes injected lime powder into the 

metal bath via the oxygen lance, using the oxygen as the carrier gas. 

In addition to the injection of lime, both processes, like their 

counterparts, employed a two slag practice. 

As the the LD-AC and OLP processes were blossoming, many steel 

producers were abandoning native phosphoric ores in favour of the high-

grade ores impC'l!"'ted in large carriers. Within twenty years of the 

fi:st BOF plant, the process had become the foremost steel process in 

the world. In addition to its awesome growth, vessel sizes often 

exceeded more than ten times its original size . 

. C 
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The remainder of this section is de~oted ta a detailed description of 

L he BOF steelmaking practice. The description is divided into the 

following topics: 

• General Vessel Description 
• Oxygen Lance 
• Operational Procedures 

2.2.1.2 General Vessel Description 

The design of the BOF vessel, particularly those in excess of 300 tons, 

required great engjneering feats. As was mentioned earlier the BOF 

vessel is a solid bottom crucible. More specifically, the furnace can 

be described as having three sections; the bottom shell portion is 

usually a torispherical or torispherical-conical segment; the central 

portion, ct cylindrical barrel; and the top portion, a truncated conical 

shell segment. A schematic diagram depicting the BOF vessel and its 

driving mechanism is shown in Fig. 2.1. A lower knuckle section is 

normally used as a transition from the spherical bottom to the 

cylindrical barrel section, although a short conical section is 

sometimes used. Similarly, an upper knuckle section is occasionally 

used between the barrel and the cone, although usually omitted in newer 

furnaces. A nase ring with a top lip ring plate is attached by bolting 

to the top cone at the mouth opening. A reinforcing stiffener band is 
, 

usually welded ta the end of the nase cane. The whole shell is 

protected internally by a safety layer and a working layer of 

refractory lioings. 
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The vessel shell, refractory linings and its charge are supported by 

a bracket or suspension system attached to the outside of tpe shell, 

wh_ch transmit$ the load to the trunnion ring, as shown in Fig. 2.1. 

The trunnion ring, in turn, is supported by trunnion shafts, This 

-----..._____ trunnion ring and shaft assembly -...... ~ 
is main actually the structural 

cdFlp.Qnent used to transfer the 
.. -......... ~~ 

foundatio~ -, ... Typically 

total load of the vessel ta the 

only one of the two trunnion shafts is connected 

to the driving rnechanism, hencG, referred to as the driving side. The 

need for the free side to be equipped with a driving rnechanisrn 

increases as the furnace capacity exceeds 250 tons. Bath sides are 

m 

, 
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supported by bearings which ultimately transmit the load to the 

foundation while allowing the trunnion ring shafts to rotate. The 

trunnion shaft on the drive side is attached to a large diameter bull 

gear which is d.civen by pinions. Each pinion is driven by an 

independent motor and brake system. 

The rnost common descriptive parameter of the BOF is the ratio of the 

furnace height to diameter. Through experience, j t appears that a 

ratio of 1.5 to 1 obtains the optimum conditions, minimizing ejection 

of slag and steel from the vessel. In general, the sizing of the 

furnace is based largely on accumulated experience and the use of 

operating and dimensionless parameters. 

The service life of the refractory linings of a BOF vessel depends on 

several operating, metallurgical and engineering principles. Figures 

2.2 and 2.3 show the dimensions of the shell and refractory linings for 

'75 and 300 tons furnaces. As can be seen, the thickness 0+= the 

refractory linings are approximately the same. In fact, if we 

considered the consumption of the working lining for several North 

American plants versus vessel size (heat size), as shown in Fig. 2.4, 

the overall trend indicates a reduced consumption with increasing 

vessel size. However, the large variation in the consumption does 

suggest that other fact0rs are involved. 

, 
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Fig. 2.4 Refractory lining consumption versus vessel heat size for 
several North American BOF plants. 

Indeed, refractory costs represent a significant portion of the 

operating costs in a BOF plant. Common variables that affect the 

lining life are: 

• slag analysis at tap 
• hot metal analysis 
• turndown temperature 
• MgO content of the fluxes 
• quality of burned lime 
• furnace qunning practice 
• furnace design 
• time from end of blow to tap 

There are other variables that are not listed because of sorne 

interdependence with those variables listed above. For example, the 

number of reblows on a particular heat affects tap analysis; usually 

by increasing FeO content in the slag and, thus, reducing lining 

life. 

7 
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Lower silico~ content in the hot metal will improve the life of the 

refractories; however, the amount by which it can be reduced is 

limited. The manganese-silicon ratio must not exceed 5:1 in arder 

to eliminate sparking. In addition, a reduction in the hot metai 

silicon reduces the quantity of scrap in the charge, as shown i~ 

Fig. 2.5. The main advantage of reduced hot metal silicon levels 15 

a reduced slag volume in the BOF. 
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The tap temperatures are detrimental to the refractory service life. 

This became increasingly evident as the number of BOF shops supplying 

steel to continuous casting machines increased; higher tap temperatures 

are required for the extra processing time involved. 

Dolomitic lime increases the MgO content and the viscosity of the slag 

and produces a less erosive slag. However, the viscosity of the slag 

is limited because of sampling difficulties incurred with viscous 

slags. The early formation of a fluid slag improves the operation of 

the process and vessel life. 

Gunning a vessel ..... i th a high MgO refractory compound will usually 

increase vessel lining life; refractory linings are typically dolomitic 

(high MqO). The type of gunning practice adopted is determined 

primarily by economics. 

The shorter the heat time in the furnace, the shorter the erosion time 

and, inevitably, the longer the lining life. Furthermore, it i5 the 

portion of time after the main blow and between the start of the tap, 

including reb1ows, that is the most detrimenta1 to 1ining life. It is 

at this stage that the erosive slag attacks the refractory. 

- -m 
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Fig. 2.6 Simple (Left) and complex (Right) refractory lining 
patterns [51. 

BOF linings are predominantly composed of magnesite brick bonded or 

im~regnated with binding agents. Figure 2.6 shows both simple and 

complex refractory lining patterns; linings are installed in differing 

types and thicknesses in a zoned configuration to meet the specifie 

dernands of each area of the vessel. Ideally, th~ lining pattern is 

designed in such a manner as to have a minimum of refractory left in 

aIl locations after a campaign. 

2.2.1.3 Oxygen Lance 

The oxygen lance system of the BOF process is a critical component. 

Although considerable effort has been expanded on the development of 

reliable lance systems, duplication is a must. A general lance system 

is shown in Fig. 2.7. An oxygen lance system comprises of three main 
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components; an oxygen lance body serving as a conduit [or gases and 

cooling water, a lance nozzlc which forms the oxygen jet and a lance 

~rive unit to move the lance vertically into the desired position. 

Fig. 2.7 
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The oxygen lance body comprises of a rear body, from which it hangs, 

and three eccentric pipes. The rear body may be of cast or fabricated 

construction with suitable connections for attaching the oxygen and 

cooling water service lines. Oxygen flows through the center pipe 

which 1S surrounded by inlet water moving down through the adjacent 

annular passage to the nozzle tip. 

rE:!turns through the outer annular 

djscharge connection. 

After the cooling tip, the water 

passage to the rear body and 

The outer pipe is securely fastened to the rear body and orifice tip. 

As a result of the construction, the inner pipes must be secured in a 

mannlar providing for differential expansion under operating conditions. 

At the upper end of the lance, the oxygen pipe is sealed by a pressure 

gasket arrangement that permits unrestrained endwise movement of the 

outer pipe. At the nozzle, the oxygen pipe is welded to the orifice 

tip. The middle pipe serves as a baffle between the inlet and out let 

passages of the cooling water. The only requirementr are that this 

pipe provide uniform clearance for the passage of water. 

The most critical metallurgical parameter is the nozzle; the nozzle 

determines the maximum impingement force of the jet, the degree of post 

secondary combustion (CO + 1/ 20 2 ~ CO2 ), the characteri stics of the slag 

formation process and inevitably the refractory consumption. In the 

section below the general design of a nozzle and lance system is 

revie'wed. 

The early designs of BOF lance nozzles were typically straight, single 
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bore orifices. As vessel capacity increased, the single bore nozzles 

operated at proportionally higher oxygen flow rates. At the extreme, 

the high flow rate resul':ed in illcreased splashing, slopping and 

reduced y ield 

developed. 

To ov~rcome this problem a ~ulti-orifice nozzle was 

The mult.iple-orifice lance head design was quickly accepted. The main 

advantages attributed to the multiple orifices are improved yield, less 

slopping, smoother blowing operations with higher blowing rates and 

improved oxygen efficiency. Detracting from the multi-hole design is 

the fact that the division of the total oxygen flow into smaller 

streams reduces the impingement forces. To compensate for this, 

multiple hole lances must operate closer to the bath than a single hole 

lance having the same capacity. The end result is increased lance 

erosion, ultimately leading to shorter lance life and increasing 

effective water cooling requirements. The acceptance of converging­

di verging orifices alleviated this problem to some extent. A 

comparison of nozzle orifice types is made in Fi~ 2.8. 

The theory of converging-diverging nozzles is discussed below in a 

concise manneri the discussion does not attempt to derive or develop 

the governing relationships from first principles. For an exhaustive 

presentation the reader is referred to Reference[6). Converging­

diverging nozzles permit th(' oxygen jet to exceed sonic velocity, where 

son ic velocity represents the speed at which a pressure wave will 

travel through a compressible fluid and is expressed as: 
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Fig. 2.8 Schematic presentation of the cylindrical, or straight­
bore, and the converging-diverging nozzle. 

r 1 ·lfl 
c=~ k.R.T~ (2.1) 

l J 

where k is the isentropic exponent (Cp/Cv), R is the gas constant and 

T is the absolute temperature. The mach number is a dimensionless 

ratio of the velocity of the fluid and the sonic velocity as shown 

below: 

(2.2) 

where V is the velocity of the fluid. If Nm<l the flow is said to 

be subsonic; if Nm=l, the flow is said to be sonic; if Nm>l, the flow 

is considered to be supersonic. The primary equation describing the 

conditjons necessary for sonic or supersonic flow can be derived 

from the continuity equation and the Euler equation and is expressed 

as: 
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aA = (Nm
2 

- 1) av (2.3) 
A v 

where dA is the change in cross sectional area in a one dimensional, 

cylindrical duct and av is the change in velocity. From this equation 

several conclusions can be summari2,ed as follows: 

1. For subsonic flow (Nm<l) ~ 

If av >0 , lb_ < 0 
V A 

If av <0 , aA > 0 
v A 

2. For supersonic flow (N,,>l) : 

If av >0 , aA > 0 
v A 

If av <0 1 aA < 0 
v A 

3. For sanie flaw (Nm=ll: 

dA 0 
A 

(area must deerease for 
inerease in velocity) 
(area must increase for 

deerease in velocity) 

(area must inerease if 
velocity is to increase) 
(area must deerease for a 

deerease in velocity) 

Hence, it is apparent that to accelerute a flow at subsonic velocity, 

converging passage is required just as in the case of an incompressible 

fluid. To accelerate a flow at supersonic ITelocity, however, a 

diverglng passage is required. This is explained by the fact that the 

decrease in fluid densi ty exceeds the increase in flow veloci ty; 

therefore, to satisfy the expression of continuity, the passage must 

diverge. 

For sonie veloc.ity it is noted that aNA=O. This condition occurs at 

the throat of a converging passage. The occurrence of sonic velocity 

in the throat of the passage requires a high pressure differential to 

accelerate the flow to sonic velocity. The velocity at the throat 
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will be a maximum, but not necessarily sonic. If the sonic velocity 

is attained in the throat, the flow will become supersonic if the 

converging passage is succeeded by a diverging passage. However, if 

the sonic velocity was not attained in the throat section, there would 

be a decrease in the velocity in the diverging passage that follows. 

Thus, the design requirements for oxygen lance nozzles are such that 

a sonic velocity is attained in a converging section and lnaintained in 

the throat section followed by a diverglng passage whereby the oxygen 

is accelerated to supersonic velocities. 

The importance of water cooling in the operation of an oxygen lance is 

readily emphasized by the fact that the lance materials have melting 

points substantially lower than the maximum temperature generated with 

the BOF vessel. There are a large number of factors Involved in 

maintaining the lance components at the appropriate operating 

temperatures. The major factors are lance size and exposed surface 

area as weIl as the condition of the cooling water itself. 

With the introduction of mul ti-port nozzles, recommended cooling water 

flow rates increased by about 50%. This change is due primarily to the 

operation of the lance at lower lance heights and to a rather general 

observation that highe.c cooling water flow rates are conducive to 

longer lance life. The cooling wat~r requirements for a typical BOF 

oxygen lance can be expressed in the following general equation: 

(2.4) 

• 
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The above formula assumes a maximum temperature rise of 15°C and high 

quality recirculating water (ie. minimal foul-up). The cooling water 

velocities are typically designed to avoid nucleate boiling on the hot 

faces of the lance; water cooling velocities of 12 to 15 mos-1 are 

common. It is interesting to note that the counter-current design 

suppl~es the colder water at the most critical area, the nozzle tip. 

2.2.1.4 Process Operation 

The BOF shop is a high productivity process, Rnd the success of plant 

operators attaining the maximum productivity depends strongly on the 

efficiency of the operating practices employed. The average heat 

times, a traditional measure of productivity, have steadily decreased 

since its conception in 1952 until the 1980's were it appears that a 

limi t has been reached. The average heat times for several North 

American steel producers are presented in Fig. 2.9. The large scatter 

in the data indicates that parameters unrelated to the BOF process are 

irnposing limitations 0n the tap-to-tap times. These parameters include 

shop design and layeut, and operating practices. Once a BOF shop is 

designed and built, the preduct mix usuallj being defined by existing 

finishing plants, the only tool available te steel producers to irnprove 

productivity is the development of efficient operating practices, short 

of investing large surns of capital. For this J.:eason, the process 

operation or practice is briefly reviewed here. 
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Fig. 2.9 Average tap-to-tap times for North American steel 
producers. 

A typical BOF heat cycle generally begins with the hot metai arder ta 

the blast furnace, typically automated via scheduling programs. The 

cycle only begins in earnest when the hot metal charging ladle arrives 

at the hot metai pouring station. The charge calculaLion, a 

predictive-adaptive model, determines the weights of hot metal, cold 

pig iron, steel scrap, and flux materials required to produce a 

specified weight, temperature, and chemicai analysls of steel at the 

end of the refining process. In many BOF shops, <1 predetermined weight 

of hot metal and scrap is weighed out and the final 'tleights are 

obtained by trimming either or both after the charge calculation for 

the heat that has been completed for the actual weights received. 
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The hot metal and cold scrap are then transferred to the charging 

ais] e, normally by transfer car. After the furnace has bee·n tapped and 

the vessel emptied of any remaining slag from the previous heat, the 

v4?ssel is rotated into position for the scrap charge. The scrap is 

charged from ei ther a scrap charging machine, typic3.11y taking less 

than two minutes per charge. Following thA scrap charge, the vessel 

is rocked to level the scrap in the furnace. 

The vessel is then rotated back to the charging side to receive the hot 

metal which is poured into the furnace from a spouted transfer ladle 

using the charging crane, as shown in Fig. 2.10. The vessE,l is righted 

and the oxygen lance is lowered into position; oxygen flow is usually 

started while the lance is being lowered to avoid nozzle blockage. The 

igni t ion flame is normally achieved shortly after the lance is in 

position. Once ignition has occurred, flux mater~als such as burnt 

lime, dolom1tic lime, fluorspar and possibly iron oxide are added to 

initiate tt, slag formation stage. Several di fferent flux addition 

schedules are employed, however, those techniques which accelerate the 

formation of a good slag are preferred. The lance height and the 

oxygen blowing rate are occasionally varied during the heat by an 

operator or an automatic control program. 
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Fig. 2.10 Hot metal charging op€'ration at Stelco Steel' 5 Hilton 
Works. 

The oxygen blow typically requires 15 to 30 minutes; determination of 

the correct time to terminate the oxygen blow 1s made by L~evc'rd l 

methods. The accuracy of these methods often determ1nes the d\lCdt) un 

of the heat. Methods for end-point control can be as 0iIl1!:,1,' l'> l:,' 

visual flame drop method for low carbon steels 0 r sign l t , ',1. ' • J Th;' 

complex. These techniques are des::::ribed in detail jr. Cbô::),-I~' 
, 
" 

After the main blow has terminated the vessel is rotate.J l l h~ 

charging side for temperature and steel sampling 1 a step ':~L1L j 0 ()[t ," 

avoided wi th the sublance technol ogy. The stee) bath ~_e:pp8r éJ' ',':-0 J..', 

usually measured first to confirm that the heat tla~ 0btd_~J.j -:,,1: 

minimum temperature, for the stee l !:lpeCl t ic..a':: ions. 

aiso provides an indication 0i the carbon content., and : f [,(']J,,", :n0 

minimum Level, the heat is irrunediately reblown, The ma Jor c;:r;(-:[Jt: 0n 
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occurs when the steel tempe rature meets the requiren~nts of anocher 

steel specification that must be produced. If the temperature of the 

bath exceed the minimum, the steel and the slag are sarnpled. Two types 

of steel samples are takeni the first sample is taken by immersing a 

disposable sampler and is used for laboratory analysis. The second 

sample i8 typically taken in a spooni the steel in the spoon is 

subsequently poured into a special crucible. From the cooling curve 

generated by a thermocouple ernbedded in the bottom of the crucible, a 

reasonably accu rate carbon analysis is made. 

Based on the "quick" carbon test the heat may be reblown or left idle 

while operating personnel await the laboratory results. If the carbon, 

sulphur or phosphorous content of the steel is too high, the heat is 

normally reblown; a lime addition is ofLen made to assist the 

desulphurization reactions. For most heats produced, the levels of 

manganese and silicon in the steel at tap time are well below the 

maximum levels permitted. 

Once the steel specifications of temperature and chemistry have been 

obtained, the vessel is rotated to the tapping aisle and tapped into 

a ladle; the ladIes are typically on transfer car3 situated below the 

BOF vessel. The bulk of the alJoy and deoxidation additions are made 

to the ladle during tapping, taking advantage of the mixing power of 

the steel stream. The compact tap stream is facilitated by a tap-hole 

in the upper sidewall of the vessel, this arrangement also minimizes 

slag carryover from the refining vessel. After completing the tapping 

operat~on, the vessel is rotated back to the charging aisle and the 
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slag is dumped into a slag pot under the vlassel. 

At this time the refractory lining of the vessel is inspected, and 

possibly measured and, if necessary, possible repair action is taken, 

normally by " gunn ing" a refractory slurry onto the lining. If no 

serious repair action is required, the fucnace is posltioned for the 

next scrap charge. This cycle may be repeated 20 or more tirnes a day 

rnaking the BOF an extrernely productive process. 
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2.2.2 other Oxygen Stee~aking Processes 

2.2.2.1 Q-BOP!OBM Oxygen Steelmaking 

The Q-BOP or bottom-blown oxygen steelmaking process was developed in 

the 1960's and early 1970's. Although the Q-BOP has many similarities 

to the top-blown process, there are several important differences. The 

obvious difference, as the name implies, is that the oxygen used for 

refining the hot metal is injected into the bot tom of the vessel, 

improving the "mixing power" of the process. As a result, the primary 

advantage is that the Q-BOP operates much closer to equilibrium 

candi tions between the metal and the slag and is, therefore, nlUch lower 

in oxidation potential than the top-alown process. This characteristic 

manifests itself in lower iron losses, higher manganese recoveries, 

less slopping, etc .. In fact, vendors of the Q-BOP or OBM technology 

are quick to suggest that the Q in the process name represents the 

fo1lowing: 

-Quick tap-to-tap 
-Quiet blowing behaviour and 
-Quality product. 

The first Q-BOP heat was prvduced in December, 1967, at the Sulzbach-

Rosenberg Works, a modest heat si ze of 25 tons[1]. In 1968, Maxhutte 

began to convert its Thomas converter plant to OBM/Q-BOP; the following 

year Maxhutte entered the field of licensing and technology transfer 

by 3el1ing the Q-BOP techno1ogy te Usinor and Neuves-Maisons of France 

as well as to Rochling-Burbach of West Germany. Efforts to introduce 

the Q-BOP technology to North American steel producers was facilitated 

by severa1 tests showing its potential with low phosphorous hot rnetal 

l in 1970. From that point on the application of the technology 
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increased rapidly until combined blowing techniques were introdueed in 

the late 70's and early 80's. The production capacity of Q-BOP from 

1967 to 1978 is shown in Fig. 2.11. 
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Fig. 2.11 Production capacity of the Q-BOP/OBM process from 1967 to 
1978[11 1 • 

The plant layout for a bottom-blown steelmaking shop is similar to that 

of a top-blown one. The major difference is that the required overall 

height for a Q-BOP shop is considerably less without an oxygen lance 

and, hence, represents a major capital cost reduction for a 

"greenfield" site. Furthermore, i t is generally mueh easier to 

retrofit the bottom-blown process into an existing open-hearth shop. 

Other differences in the shop layout include provision [or the process 

gases to be delivered to the bottom of the vessel where typically 16 

or more tuyeres are set in the bottom' s refractory lining[81 • Process 

gases are normally, but not necessarily, piped through the idle 

trunniün of the vessel to provide safe passage, a schematic of a Q-BOP 

is presented in Fig. 2.12. 
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F':'g. 2.12 A schematic of a Q-BOP vessel [5J • 

Due ta ~he high erosion rate of the bottom refractories and tuyeres, 

provisions are made in the vessel assembly and refractory lining to 

permit the quick replacement of the vessel bottom, including a complete 

set of tuyeres. An example of the refractory 1ining and the removable 

bottom is shawn in Fig. 2.13. The service life of the vessel's barrel 

and cone section typically exceeds the bot tom section by a factor of 

two to three. Since the service life of the barrel and cone of the Q-

BOP are similar ta that of the BOF process, these sections are lined 

in an identical manner. A comparison of refractory performance between 

the Q-BOP and the BOF is shown below in Table 2.1. As can be seen, the 

refractory system on the bottom section requires special precautions 

to avoid the rapid erosioll of the tuyeres and refractory system. 

Erosion of the tuyeres is accelerated by the high operating 

temperatures and the motion of the liquid bath . 

................ --__________ 1 __________________ __ 
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Fig. 2.13 Refractory lining of the removable bottom of a Q-BOP 
ve"ssel (8) • 

Table 2.1 Comparison of Refractory Consumption Between the Q-BOP 
and the BOP Processes[9.10J. 

ITEM Q-BOP BOF 

Lining Life, heats N/A 1900 
Side Wall Life 1400 N/A 
Bottom Life 450 N/A 

Refractory Consumption. 
kg/tonne liquid steel 

Working Lining 1. 75 1.10 
Safety Lining 0.15 0.20 
Bottoms 0.35 N/A 

Gunning and 0.70 1.2 
Maintenance 
Mat,erials 

Tot,;il 2.95 2.5 

-
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Each tuyere, consists of two concentric pipes, the inner pipe 

delivering the oxygen while the outer pipe supplies a hydrocarbon, such 

as natural gas, propane, butane, etc. An example of a tuyere is shown 

schematically in Fig. 2.14. !f7hen the hydrocarbon cornes near the molten 

bath, it decomposes endothermically absorbing enough energy, or heat, 

to essentially cool the region of the tuyere-metal interface. With 

this concentric tuyere design, pure oxygen can be introduced into the 

bath without excessive erosion of the bottom section. It is 

interesting to note that the Bessemer process, introduced in the 

1060' s, employed the nitrogen content of air as the "coolant" (albei t 

via a single pipe). 
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Fig. 2.14 Schematic of a Q-BOP tuyere(5). 
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The basic operation of the Q-BOP shop ls almost ldentical to the BOF 

shop. Major differences exist only because of the special precautions 

necessaEy to maintain high tuyere and refractory life of the bottom 

section and due to sorne of the advantages inherent in the process. The 

process description begins after the steel and slag from the previous 

heat have been removed from the furnace. At this point in time the 

vessel is tilted to a horizontal position and the furnace lining and 

tuyeres are inspected. If necessary, the furnace lining is repaired 

by gunning a refractory material onto the linlng. Occasionally, a 

tuyere may not be sufficiently cooled by the hydrocarbon fluid and the 

tuyere will "burn back" too rapidly, tYJ?L.~al burn back rates of 

=2.5mm/heat have been reported(lOI. When the extent of the burn back 

endangers the safe operation of the process, the tuyere is removed from 

service by plugging i t wi th refractory. During this maintenance 

period, a relatively small flow of nitrogen is maintained through the 

central and outer pipes of each tuyere to prevent the tuyere from being 

accidentally plugged by slag, metal or gunning material. Total 

nitrogen consumption for a Q-BOP varies from 15-20 Nm)/tonnei note that 

this is strongly influenced by specific shop practices. 

Once the maintenance has been completed, the vessel is tilted to the 

scrap charging position. Agaln, the nitrogen purge ls maintained to 

avoid blocking the tuyeres. B·:,cause of the improved mixing 

capabilitles of the Q-BOP, it i5 able to melt larger pieces of scrap, 

including ingots, than the BOF. However, the potential to damage the 

tuyeres requires more prudent scrap charging practices. 

i 
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After the scrap is charged, the flow rate of nitrogen is increased 

through Lhe tuyeres and the hot metal is charged into the vessel. The 

vessel is then ri ghted and the proeess gases are introduced. A uniform 

transition, with respect to the tuyere pressure, is required to avoid 

" sucking" hot metal into the tuyeres; the transition form the nitrogen 

purge to the process gases signaIs the start of the main blow. The 

oxygen flow rate for a 200 tonne Japanese Q-BOP is approximately 70~ 

Nm) Imi n., eorresponding to a specifie consumpt.ion of 44 Nm) /tonne lll ,121 . 

However, oxygen consumption as reported by other Q-BOPs suggests that 

specifie eonsumption varies from 47 to 60 Nm3 /tonne. Consumption of 

the hydrocarbon is considerably less, a consumption value of 1.4 

Nm3/tonne (24 Nm3/min.) of propane was reported by Emi lll1 , while 3.6 

NmJ/tonne of natural gas was reported by Brotzman 11J1 . 

Within about one winute lime is added t~ the oxygen being blown into 

the furnaee. The addition of lime continues for most of the main blow. 

Specifie lime consumptions of 35-45 kg/tonne have been reported by 

Pearce l10J . Lime is injected to enhance the rapid formation of the slag 

phase and improve the metallurgical performance of the process. The 

injection of lime, typieally in powder form, was successfully 

integrated into the Q-BOP process as early as 1976, and is now 

considered an essential aspect of the process. 

Once the main oxygen blow has terminated, the process gases, oxygen and 

hydrocarbon, are switched to nitrogen or argon to provide a purge for 

the tuyeres. At this time the furnace is tilted for steel and 

temperaLure sampling. The oxygen blow is re-established and continued 
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until the steel specifications are achieved. During the entire process 

the tuyeres are continuously in use, either with a nitrogen purge or 

with the actual process gases. For the production of low nitrogen 

steel s, the purging gas can be swi tched to argon. However, [or the 

majority of steels produced, the nitrogen pickup attributable to the 

purging action does not ~arrant the extra production cost of argon, 

approximately a ten to one cost increase per unit volume. In addition 

to the production of nitrogen steels, an argon purge or rinse with 

about 1.6 Nm~/tonne dt the end of the main blow can be used to reduce 

the hydrogen content of the steel [B) • 

&. 



J, 
Page -2.34-

2.2.2.2 Combination-Blown Oxygen Steelmaking 

'l'he rapid increase in new Q-BOP/OBM steelmaking facilities was 

surpassed by the successful introduction of the cor.lbinal..ion-blown 

oxygen steelmaking processes. In fact numerous existing Q-BOP as well 

as BOF shops were retrofitted for combined blowing processes. This, 

no doubt, was the result of severai years of experience with the Q-BOP 

that concluded that the process had several serious downfalls sueh as 

Iower scrap mel ting capaci ty, higher refractory costs and lower furnace 

availabillty than did its major competition, the BOF. 'l'hese downfalls 

Led to lhe conclusion that a process able to blend the advantaqes of 

both the Q-BOP and the BOF would provide for a superior steelnaking 

proce'3s. The logical solution was a combinat ion of top and bottom 

blowing. Combined blowing practices are truly hybrids of the OBM and 

BOF processes. As a result, there are several types, as can be seen 

in Fig. 2.15. 

The first combined blowing practice to be commercially accepted was the 

LBE, ,hance gubbling ~quiJ ibr lum, developed by ARBE-IRSID(12]. This 

proce~s is much more closely related to the BOF process in that aIl the 

oxygen is supplied from a top lance. The combined blowing aspect is 

acllieved by a set of porous elements installed in the bot tom of the 

vessel through whieh argon or nitrogen is bLown. A typical LBE vessel 

ls shown in Fig. 2.16. 

-------------------_., .. ,-------
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Fig. 2.15 Types of combined blowing-oxygen steelmaking processes[5J. 
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Fig. 2.16 Schematic of the LBE steelmaki'1g process[5J. 
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In brief, the theory of LBE is that by bubbling with inert gas a more 

intimate mixing of the bath and slag occurs throughout the blow. The 

inert gases used in the LBE are either nitrogen or argon, depending on 

process cycle. Typically, the nitrogen ls used almost exclusively for 

the majority of the blow in the range of 3-11 Nm3/min. However, later 

in the blow when nitrogen absorption can create a problem, argon is 

selected as the stirring gas. In addition, argon ls used almost 

exclusively as the inert gas for post-blow stirring; at this time the 

rate is increased to 10-17 Nm3/min. 
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F q. 2.17 Profile of a porous element for the LBE process(16] . 

• 



----------------------------............ ~ •• 
Page -2.37-

The porous element, shown schematically in Fig. 2.17, typically 

consists of four bricks wj th machined longitudinal grooves on the broad 

faces. The refractory bricks are encased by a steel can and have steel 

plates between each brick. The refractory brick is not porous and, 

hence, the gas only flows through the machined faces. This element 

design has been quite successful for shorter campaign lives. However, 

as the refractory linings of the steelmaking vessel improved and vessel 

life increased significantly, an improved element design was required. 

Efforts in this area have concentrated on the application of copper 

channels in the grooved section. 

-~-

Fig. 2.18 Initial LBE porous element configuration at USS Gary 
Works[14) . 
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The geometric configurations of the LBE elements have developed from 

a simple circular configuration, consisting of typically 12 to 16 

individual elements to more complex arrangements. The initial LBE 

element configuration at USS Gary Works is shown in Fig. 2.18. In 

subsequent campaigns, several elements were moved several brick courses 

closer to the center of the eurnace to improve mixing and reduce bottom 

bUlld-up{14l. This improvement in the element configuration was also 

adopted by Broken Hill Proprietary's Newcastle Works, as shown in Fig. 

2.19. Other LBE operators have modified the configuration for other 

operational reasons, such as to avoid impact zones of the materials 

charged into the vessel. 
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Fig. 2.19 Modified e1ement configuration employed at Broken Hill 
Proprietary' s Newcastle Works[15l. 

Operation of the LBE process is similar to that of the OBM in that 

special care must be taken to ensure the availability of the units 

installed in the bottom of the vessel. However, unlike the OBM 

process, the LBE process is concerned primarily with the build-up of 

• 
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the bottorn as opposed to erosion. Typically the state of the bottom 

is often controlled by coating the bottom with a slag to reduce the 

potential of erosion and, most often, a washing slag to reduce build-up 

of the bottom. Normally these processes can, to a large extent, be 

minimized by maintaining a constant basicity oE the slag. A V-ratio, 

[CaO] / [Si02 l, of 2.6-2.8 has been reported by Mullen et al [16] to reduce 

build-up in conjunction with a reduced MgO slag content. The major 

danger to note about the washing is that it often affects the 

performance of the refractories in the knuckle area of the vessel; 

several LEE operators have experienced breakouts as a direct result of 

reducing bot tom build-up[IS.161. In fa ct , bot tom b~ild-up and the 

subsequent 10ss of the porous element is the major problem associated 

with this process. Webster et al(lSl showed thc3.t the efficiency of the 

LEE elements decrease rapidly as the bottom build-up covering the 

elements exceeded 50mm, Fig. 2.20. 

Fig. 2.20 

100'/. 

lB( 

Ef fE (1IV[tHSS ~O·/. 

o 100 100 lOO 

rrrn 

IHI(K~(SS Of BOIIOH (OVH~ OVl~ [llHlHIS 

Dependence of LBE efficiency on thickness of bottom 
build-up[15] . 
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Top-Blown Oxygen - Non-coolfad Bottom Tuyeres 

The difficulties in maintaining the LBE elements operational has led 

such steel producers as Newcastle Work5 of BHP to pur sue the 

application of non-cooled tuyeres[15J. In a similar manner, the oxygen 

i5 delivered via a top lance while the inert gas is introduced to the 

bath from the furnace bottom. The BHP tubular element design, shown 

in Fig. 2.21, consists of 6 small pipes set in a refractory matrix. 

Because of larger overall cross-sectional area Rvailable, higher gas 

flow rates are required te maintain the tuyeres operational. 

Therefore, the entire bottom blowing requirements of approximately 20 

Nm)/min, for a 215 ton vessel, can be achieved by two elements. The 

location of the tubular elements in BHP's 215 ton vessel at Newcastle 

Works is shown in Fig. 2.22. 

'. ')Omm .1 
1 1 
1 1 

1 1 
1 1 

(,'J5mm I[l~ vlflRAlIOtl (AS1 
',lf1INlES,) <;lIrr~ HAGNf511l ("SlABLE 
I\I~ .............. 

~~~--HAIJN[Sm RlfRA(10Rl' BRllK 

J 
Fig. 2.21 Structure of the tubular element designed at BHP 

Newcastle Works[15J . 

............. 1 ......... ______________________________ __ 
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fl~\IJlAIl ElEMENI 

Fig. 2.22 Location of the tubular elements in the furnace bottom l151 • 

The benefits of this technique are similar to that of the LBE process. 

However, because of the excessive cooling, at the higher flow rates, 

improved metallurgical results at turndown are observed only in steels 

with carbon content greater than 0.06% when low flow rates are used l51 • 

Top and Bottom Oxygen B10wing 

Another system of combination blowing uses top and bottom oxygen 

blowing; a true offspring of the Q-BOP and the BOF procesfes. The most 

successful process was developed by Kawasaki Steel of Japan llli and is 

referred to as the K-BOP. In the K-BOP vessel, at least 20% of the 

total oxygen must be blown through the bottom tuyeres to ~btain any 

metallurgical benefits associated with bot tom blowing. In ge 1eral, the 

higher the fraction of oxygen blown through the bottom tuyeres, the 

greater the metallurgical benefi ts. The fraction of bottom blown 

oxygen is llmited because of met al ejection and reduced control of the 
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slag formation process. An example of a K-BOP vessel is shawn in Fig. 

2.23. Oxygen 
Lance ___ 

'lI!.. 

/" 
/ 
/' 
// 

/' 
--::: Bath level---;" 
/' _ ____ .L 

Hydrocarbon ~---4 

Oxygen --+--­

Fig. 2.23 Schematic of a K-BOP oxygen steelmaking vessel [51. 

Another example of a combined oxygen process is the KMS developed by 

Klockner Werke. Trials to develop this process started as early as 

1978 1111 and were focused primari.'cY on the post-combustion of the 

converter gases by a top lance or a side tuyere in the upper part of 

the vessel, as can be seen in Fig. 2.24. The major difference is the 

potcntial to in ject coal iuto the bot tom of the bath. The coal can 

provide Lhe thermal energy required to increase the scrap mel t ing 

capacity beyond what is possible with the BOF process. In this case 

approximately 60% of the total oxygen blown is introduced via the 

............ ----------------------.---------------
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bottom tuyeres and an additional 5NmJ /tonne of oxygen is consumed. 

As can oe seen by reviewing these processes, the more advanced 

steelmaking processes tend to be more complex in an attempt to provide 

the steelmaker with greéter metallurgical benefits and flexibility. 

Fig. 2.24 Overview of the KMS steelmaking process [171. 
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2.3 Physica1 Chemistry of Oxygen Steelmaking 

The physical chemistry of oxygen steelmaking can be considered as the 

foundation of our knowledge of the metallurgical behaviour of the 

pneumatic .steelmaking processes. The reactions and their equllibria 

that are dlscussed in this section are conunon to all steelmaking 

processes, regardless of the type of vessel in which they are carried 

out. In fact the performance of various steelmaking processes are 

oflen measured .i, terms of deviation from equilibria, thereby providing 

an obJective flay lo compare processes, as well as modifications. 

Although this c1iscuss ion is l imited to equilibrium conditions; i t must 

be noted that these conditions rarely exist. Therefore, reaction 

rates, kinetics and mechanisms, will be discussed in a subsequent 

section. 

As was mention'2d eariier, the reactions occurring in a steelmaking 

process are ess2ntially oxidation reactions. The carbon saturated hot 

metal produced by the blast furnace aiso contains a number of other 

impur l Lles, namely Si, S, r, Hn, which t.ogether with carbon are removed 

by oXldation during the steelmaking operati0!1. The steel produced is 

invarlably over-oxidized and, therefore, final adjustments to the 

composition of the steel are made by adding suitable deoxidizers and 

alloylng elemen':s to satisfy the specifications of the steel requested 

by the customer. 

In order to aSS'2SS the feasibility of an oxidation reaction to occur, 

C'onslderation must be first given to the free energy changes 
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accompanying the reaction at various temperatures and pressures. The 

reactions to be considered may be expressed in a general form as 

(2.22) 

where M and MxO y are metal and metal oxide respecti vely. The 

equ~librium constant for the above reaction can be written as 

r a 1 Uy 

K = L M.Oy) 
(aM )2.xty • P 02 

(2.23) 

where a represents the activities of the respectj ve reactanl.s and 

products. If H and MxOy are at unit actl."ities, ie. pure metal ;Hld 

metal oxide, it follows from Eq (2.23) that the equi libr ium consLLlnt [or 

the reaction (2.22) is inversely proportional to the equilibrium 

partial pressure of oxygen in the system. 

K (2.24 ) 

where P02 i s in a tmospheres and the standard sta te vf oxygen l sone 

atmosphere at the temperature under consideration. The standard [ree 

energy change, or the oxygen potential of the metal-metal oxide ~3ystem 

is given by 

~GO = -R T ln (K) = R T ln POl (225) 

where R represents the ideal gas cons tant and T represenl S Lhe 

temperature under consideration. In terms of entropy and i?nttla lpy 

changes the above equation can be expressed as 

(2.26) 

where LlHo and ~SO rer ce sent the changes in standard enthalp'I and 

entropy respectively. The relationships descnbed above are Lhe basis 
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of Lhe [ree energy diagrams or, more commonly, the Ellingham diagrams. 

ln these dlagrams the free energy of formation of oxides per mole of 

oxygen are plotted against lernperature, as can be seen in Fig. 2.25. 

The advantages of constructing such diagrams is that one can predict 

the relative stability of the oxides, ie. what oxides can be reduced 

by which elements from relative positions of the oxygen potential 

lines. Ilowever, these diagrarns are for their pure elernents and their 

oxides, as already indicated. Due account must be taken of the 

activiLies of the reactants and products when they are dissolved in 

either liquid lron or slag. lJonetheless, it is possible ta genera1ize 

sorne aspects of refining durlng steelrnaking with such a diagram. 

= 
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Change in the oxygen potential of the metal during BOF 
steelmaking(4) . 

The change in the oxygen potential of the liquid metal during oxygen 

steelmaking is shown in Fig. 2.26. The lower line, shown as D-E, is 

lhe oxygen potential of graphite saturated iron at Pw=l and the upper 

line, F-G, is for iron saturated with iron oxide. The hot metal 

arriving [Lam the blast furnace is at about 1350°C and is saturated 

with graphite and therefore, its oxygen potential at Pcc= l atm is B, 

fig. 2.26. The pressure of the carbon monoxide gas in the furnace is 

~;light ly greater than 1 atm, but for the purpose of this demonstration 

1 atm will be assumed. At the beginning of the blow, the chemical 

potential of a unit of oxygen ente ring the bath is reduced from its 

slandard state A to a value approaching that at point B as a result of 

• 
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the reaction 

2Ç + O2 Iq) H 2 CO lg ) (2.27 ) 

Accompanying the oxidation of carbon is the oxidation of silicon and 

manganese. Since the oxidation of these impurities is exothermic, the 

temperature of the meit increases during the blow. The equilibrium 

o':ygen partial pressure of the system increases wit'1 decreasing carbon 

content of the meIt, as can be deduced from the equilibrium constant 

for the reaction (2.27) 

(2.28) 

T' ~refore, during blowing, the oxygen potentlal of the melt increases 

aiong the curve B-C in Fig. 2.26. When the carbon content of lhe 

liquid metal is below =0.02%C, the lron becomes saturated wlth iron 

oxide, therefore, further oxygen blowing resui t s in excessi ve oxidalion 

of iron. Referring to Fig. 2.25, the free energy lines for the oxides 

of Co, Ni, and Cu lie above that for iron - iron oxide, indicating that 

any of these elements present in the hot metal will not he oXlciized and 

will remain in che iron phase. 

Basic Steelmaking Slags 

The importance of the slag phase durlng steelmaking cannot be over 

emphasized. In fact, many steelmakers claim that "if you take care of 

the slag, the steel will take care of itself". Its importance is 

readily understood wh en one conslders that lhe ma]orit'l of the 

impurities removed from the hot rnetal are oxidlzed and dissolvl?d jnto 

the slag phase during the process. 
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The main ingredient in basic steelmaking slags is lime; a typical slag 

conta ins 40 to 50 % CaO and 3 to 8 % MgO and MnO. Whi le other components 

depend large1y on the composition of the hot metal, the major 

distinction being wllether it is high or low phosphorous. In low 

phosphorous practlce the silica content is in the range of 15 to 20%, 

whereas in the high phosphorous practice the silica content of the slag 

i s in the range of 8 tù 16 % 'lnd 8 to 15 % P 20s or higher. Other minor 

components can be AIZ0)f 'riOz and CrZO), and typically represent about 

2% of lhe slag. Steelmaking slags are often described in terms of two 

important characteristics: the basicity and the state of oxidation of 

the slag. 

Oxiùes present in slags are described as either network formers, those 

which form aOlon complexes in molten slags (acidic), or network 

modifiers (basic), those which break down anion complexes. The 

basicity of the 31ag is the ratio of the concentrations of the basic 

ùxiùes la those of the acidlc oxides. Network formers include such 

oXlùes as Si07 , P 20s, and A1 20] while CaO, MgO, and tv1nO are considered 

basic. In simple slags where lime and silica are the Indjcr constituent 

oxides, basicity is usually defined by the concentration ratio 

'I,CaO/'5Si02 , a1so k.nown as the V-ratio. However, as the number of 

constltueIlt oxides increases, the basicity is defined on a molecular 

basis; converting it to concentrations in weight percent, the ratio 

can be expressed as: 

slag basicity %CaO + 1.4 %MgO 
%Si02 + 0.84 %P 20s 

(2.29) 

A large percent age of steel is made using basic slags which are best 

7 
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suited to yield steel low in silicon, phosphorous and sulphur. In 

addition, most basic stee1making slags are near1y saturated with lime 

and magnesia which significantly reduces refractory consumption. In 

the BOF practice, the slag composi tion is contro1led primarily by 

adjusting the lime addition at the start of the blow in accordance with 

hot meta1 composition and the required steel specifications. 

State of Oxidation 

Another important constituent of steelmaking slags is iron oxide. When 

the oxygen activity of the 51ag i5 close to that of the metal, the 

following reaction may be considered 

[FeOl H Fe + [Ql (2.30) 

When the total iron oxide content of the slag i5 high, the oxygen 

content of the steel ls invariably high. At equilibrium the a'Jci v ity 

of oxygen in the steel can be determined by: 

log [%OJ 
a,eO 

-6320 + 2.734 
T 

(2.31 ) 

A comparison between ca1cu1ated and measured oxygen content of steel 

is shown in Fig. 2.27. As can be seen, the Sldg is not in 

equi1ibrium with the meta1 and, therefore, due consideration shou1d 

be given to the oxidization of diva1ent iron to the trivalent state 

in the slag by the furnace atmosphere. This is represented by: 

(2.32 ) 

The equilibrium constant and the effect of temperature of the above 

reaction (Eq. 2.32) is given by: 

K = ~e203_ 
a ,eo' (P 02) 1/2 

(2.33) 
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It should be noted that in complex steelmaking slags in equilibrium 

wlth l iquid iron, the ratio Fel> /Fe 2
+ lS below 0.3, while in steelmaking 

practice the ratio Fel' /Fe 2
+ is in the range 0.3 to 0.5. That is, the 

state of oxidation of iron in steelmaking slags is much higher than 

that anticipated for slag-metal equilibrium. 
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Carbon-Oxygen Reaction 

The carbon-oxygen reaction is the most significant reaction during 

steelmaking, on a weight basis. This reaction can be represented as: 

~ + Q H COI,,) (2.35) 

An expression for the temperature depenclence of the equilibrium 

constant, shown below, was developed by Fuwa and Chipman(19 1 • 

(2.36) 

Where the Henrian activj ties, he and ho in the equation can be 

approximated by [%C] and [%0], respectively. As was previously stated, 

the Henrian activity ot carbon i~ iron increases with increasing carbon 

content. The partial pressure of carbon moncxide i5 approximately 1 

atm for carbon contents below 0.5% and at steelmaking temperntures. 

As can be seen in Fig. 2.28, where the carbon-oxygen relationship in 

BOF steelmaking is compared with equilibrium curve for 1 atm CO at 

1600°C, most of the data points lie above the C-O equilibrium curve, 

except at carbon contents below 0.05%C in the BOF [urnace. Since the 

BOF is adynamie process, it is not sULprising to find that the 

concentrations of the reactants in the bulk met al phase are not in 

equilibrium with the prevailing CO pressure in the gas bubbles. 
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Fig. 2.28 Carbon-oxygen relationship in the BOH and BOF steelmaking 
processes compared with the equilibrium curve for 1 atm 
carbon monoxide gas at 1600°C[41. 

Silicon-Oxygen Reaction 

Th,a sil icon content of the he t metal varies depending on type of 

steelmaking and ironmaking practices used; typical ranges are 0.5% to 

1.5%. The refining reaction, oxidizing dissolved silicon to Si021 is 

exothermic and provides some of the heat necessary to raise the 

temperalure of the bath during oxygen blowing. At silicon contents 

below about 2% Si, the heat of generation upon oxidation of silicon is 

564 kJ/gmol of Si at 160QoC. The silicon and the iron oxide (generated 

or charged) flux the lime added with the charge and form the slag. 

BE!CaUSC of the strong affinlty for oxygen, the silicon is readily 

oxidi zed in the early stages of the blow 1 as can be seen by the 

equili bri um constant for this reaction [201 . 

................. ------------------------------
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Si + 2Q H Si02 (s) (2. 38) 

0.04[%Si] -0.65[%0] + 10g[%8i] + 2 10g[%0] = -4.55 (@ 1600°C) (2.39) 

where the standard states of Si and Q are assumed to be both 1 wt%. 

For an average oxygen content of 0.04% in the metal the equilibrium 

silicon in the steel is about 0.002% which is within the range achieved 

in the BOF process. 

Manganese-Oxygen Reaction 

The oxidation of manganese can be represented by either 

Mn + Q H MnO or 

Mn + FeO H Fe + MnO 

The temperature dependence of the 

(2.41) is given by 

k = ~nO_ 
a Mn • a feO 

log (k) 8695 3.93 
T 

equilibrium 

(2.40) 

(2.41 ) 

constant for 

(2.42 ) 

(2.43) 

reaction 

where a~= 1 and a~= [%Mn] in the iron, a~o is relative to pure liquid 

iron oxide and MnO is relative to pure solid MnO. The equation (2.42) 

can be simplified, as shown below, since the molecular weights of MnO 

and FeO are similar. 

K = K (yFeO/)'MnO) ( %MnO) (2.44) 
[%Mn]-(%FeO) 

It must be noted that the activity coefficients "(!eo and "(HOO increase 

with increasii,g ratio of CaO/Si02 • Therefore, with slags containing 

CaO and other oxides, the equilibrium ratio K for the react~on may 
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r;hange vllth the composition of complex slags. In basic slags np~rly 

éJaLurateti vl1.tb lime and magnesia, the value of 'YMno is not much affected 

by minor changes in the slag composition. If low manganese steel is 

Lo De made, ego 11n < 0.05%, it is necessary to continue blowing to 

carbon contents tiown ta at least 0.02 %C such that the oxygen activity 

in the rr.etal can be increased to 800 or 1000 ppm to ensure low residual 

manganese III th!? st.eel and to ùilute the %MnO in the slag, primarily 

by the éldrii t10n of lime or by employing a two-slag practice. 

Phosphorous-Oxygen Reaction 

Dephosphor i za tion studies ''''ere per formed primarily by European 

investig.:ltors because of the high phosphorous hot metal produced by 

Lheir lron ores. Rernoval of the phosphorous from iron can only be 

achieved by oXldat1on during steelmaking under a basic slag. The 

oxidation reaction may be represented by a number of reactiou::, but for 

simpliclty .it is represented here by: 

(2.45) 

The equilibriurn constant for this reaction is given by: 

k = aP205 
11/· ho' 

(2.46 ) 

wh-::re the henrian activities of P and ° can be represented by their 

specifie weight percentages. The activity of P 20s in the slag j s 

reduced the greatest by lime, hence, bringing about dephosphorization 

of the rnetal at reasonable oxygen acti vi ties. On the other hand, 

si lica l.enders lime 18SS effective as a dephosphorization aqf'!nt because 

of the strong interaction betwE'en calcium and silicate ions in thl:! 

slag. 
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In the BOF, dephosphorization is realized in the early stages of 

refining when the carbon content of the bath is relatively hlgh. This 

is facilitated by the formation of a highly oxidizing baslc slag in the 

early stages of the oxygen blow. However, because of the ddverse 

affect of silica on the act l vit y 0 f P 20s in the slag, the silicon 

content in the charge ~lhould be maintained low and/or a lwo slag 

practice should be con!,1dered. Although low temperature favours 

dephosphorization, the temperature of the 51ag must be sufficient lo 

dissolve newly added llm8 and improve slag fluidity. 

Sulphur Reactions 

The behaviour of sulphur during oxygen steelmaking J.S compllcalcd 

because of the numerous reactlon paths that can be taken, however, the 

most frequently discussed reaction is 

S 0 2-
_(metal) + (.la,,) H O S2-

_Imetal) + (.laql (2.47) 

One of the most critical factors governing desulphurization is the 

state of oxidation of t.he bath. The sulphur distrlbution ratio, 

(S) / [S], 1s inversely proportional to the iron oxide content of the 

slag, or the oxygen content of the metal when approaching equilibrium 

condi tions. The prevailing oxidizing conditions in the BOF' do not 

promote significant removal of sulphur from the meta1, thercby 

explaining the existence of external hot metal desulphurization units 

which employ reduction techniques such as lime injection. 
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2.4 Steelmaking Reaction Rates 

'l'tH.' SUCCGSS of oxygen steelmaking process is no doubt largely 

dLtrlbuLod to its re[lning rate. Compared to the open hearth process, 

t he BOF CJCl refine the hot rnetal and scrap in a fraction of the time. 

lIowever, llIost of the problems l'lnch arise in attempts ta control the 

procc~ss arG associated with th(=> high rate of chemical reactions. 

Therefore, a thorough understanding of the reaction rates is a 

prerequisite to control of the BOF process. 

The actual refining time in a basic oxygen steelmaking furnace is 

extremely short in comparison to the entire cycle of a heat. During 

L rns rei illlng period, the general pattern of the reactions in the 

vessel is given in Fig. 2.29. The characterlstic feature is that 

silicon LS uxidized preferentially before carbon. The reason for this 

l S fo'ssenLL.::llly thermodynamic, hellce, any oxidized iron or carbon will 

De reduced by dissolved silicon until the silicon content of the metal 

tS very low. Oxygen entering the vessel is partitioned approximately 

accorciiny to F 19. 2.30. In this case the decarburization-rate curve 

would appear as in Fig. 2.31. 

• 
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Fig. 2.31 Typical decarburization rate curve for a BOF heat(4]. 

The partl t ion of oxygen is a complex fUl1ction of metal and slag 

cOlllposi lions and interfacial areas. In the ear1y deve10pments of the 

1301-' proccss, lt quickly becarne apparent that the slag would fOé..m out 

of the vessel' s mouth. Inspection of the foaming slag revealed 

enL rapped gas butbles and metal droplets and concl uded that a 

s igni flc.J.nt portion of the refining re3.ctions occur in the slag. 

Confirming this conclusion I.ere several experimental studies that 

indicated as much as 30% of the metallic bath gets emulsified into the 

slaq. As a result, very large surfaces of contact between metal and 

81ag are allowed to exist. For '...his reason, slag formation and 

slag/metal emulsion will be discussed first and tLen the reactions 

taking place in the emulsion. 
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The formation of the emulsion is governed by the interf.Jcl.:l L lension 

between the slag and metai and the energy required for the cr.-eaL ion of 

new surfaces. In the sltuation where equilibrium exists between phases 

in contact, this parameter depends solely upon composition. Ilowever, 

with rapid mass transfer occurrlng across the interface, primari ly 

oxygen, it may decr~ase the lnterfacial tenSlon appreciably, Lhercby 

facilltating the formatlon of an emulsion. The energy u~quired Lü fOrl Y) 

thls new surface, regarr.lless of \-Jhen it is forrned cornes prllnar.lly [rom 

mechanlci:l1 energy sources such as the llnpingement for ce of the ()XygCll 

jet and the stirring actlon of Lhe carbon rnolloxlde <.Jas. 

The contour of a liquid surface under the ll11Fnngement force ot a jet 

has been the subject of numerous lnvestigations. Three types of 

contours, depending on the Jet '/eloci ty and nozzle heigllt, hav(~ veen 

distinguished ty Molloy[211 (Fig. 2.32); 

odimpling with a slight surface depression 
oSpllshing with a shallow depression 
·pen8tration with an apparent reduction of outwardly direcLcd 
splash 

Only the last two types of behaviour are encountered during normal 

steelmaking operations; Lhese types of behavlour form metal dropleLs. 

However, as can be seen in Fig. 2.32, jet penetration llLlS a f u rther 

influence on the surface drea offered to contact the gaseo\'!:> oxygen and 

to the tra jectory of the oxygen loaded droplet s . 'l'hi s governs the type 

of decarburization siee and the overall oxygen parti Lion between lhe 

various elements dissolved in the metal at any given Lime. 

, 
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(0) Du npllng 

(b) SplUSt1lrlg 

/ 

Fig. 2.32 Comparative geometry of the flow modes(2 1
1. Legend: (1) 

!lozzle body; (2) entrainment region of the original jeL; 
(*3) entrainment regian of the wall jet across the phase 
lnter face; (4) stagnation point of the wall jet; (6) two­
phase exit f low. 

= 
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The earliest direct measurements of the deptll oi the Jel penell.::ll i on 

under steelmaking conditions haV'e been performed by FU nn et -lll}]l. 

From their work, an empirical relationship was derived from a series 

of studies made on vessel s ranging from 0.05 to 100 tons, .::IS shawn 

below: 

lp == l.5 PieD t 1.5 (2.49) 
H 

where lr = depth of penetratlon (inches) 
Pd nozzle pressure (psia) 
D nozzle diameter (lnches) 
H nOZZle height above quiescent bath (incllesl 

or 
Ip = 0.934 P,oD 1- 0.0381 (2.50 ) 

H 

where lp = depth of penetratJ on (m) 
Pd nozzle pressure (atm) 
D nozzle diameter (ml 
H nozzle height above quiescent bath (m) 

The emplrical relationship has oeen applied by Hote 1711 ta the lance 

operating conditions of five different plants. As reportod in l he 

Ilterature, the ratio of jet penet ration to bath deplb was lound ta 

vary between 0.4 ta 0.8. 
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CIl '" 

P[NE mil T lor,). liK 1 lES 

Fig. 2.33 Nomograph for determining jet penetration in molten 
steel. Q is the blowing rate per nozzle in sefm, LH is 
the lance height in inches, D is the nozzle diameter in 
inches l24 ] • 

In another st udy, Shirma et a1 124
] showed that the character Lstics of an 

oxygen jet can be suecessfully simulated on a water model. 

Complementing their study were numerous 200 lb BOF simula.tions, whereby 

a small quartz window, for filming the cavity, was an integral part of 

the vessel wall. From this \oJork Shirma et al also dev;:;loped a 

nomograph for dctermining jet penetration in molten steel, shown in 

Fig. 2.:3. These resul ts also agreed \oJel1 with those of Rote. 

Thercfore, significant penetration is achieved by the oxygen jet during 

normal steelmaking practices, at least during part of the blow . 

............... -----------------------
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Unfortunately, these considerations give no indication of lhe physical 

arrangement of the slag and the metal above tl:e Leval ot m<1X imum 

penetration. Two extremes may be considered; a layer of relat ively 

dense s1ag pushed towards the wa11s an i a metal bath penetratcd as if 

it were a single phase system, or a thick layer of metal/slag gas 

emulsion above a metal Lath with very little jet ~enetration in the 

latter phase. This latter type of behaviour has b3en observed by 

several investigators. 

When the penetrating jet is blown above two Iayers of liquids 

investigators have noted the classi pattern of penet.ration throu4h 

the liquid. However, they have also noted very rapid projections of 

the more dense phase as droplets into the lighter medium results in an 

emulsion. As a resui t, jet penetration into the denser phase Ls 

reduced. When the emuls ion height goes above the noz 21e leve L, the 

oxygen pump is described as a pump ejector as shown in Fig. 2.3~. This 

affect is easily detected by sound intensity measurements, the emulsiull 

damping the 110ise of the oxygen jet. 

Another source of mechanlcal energy required ta create new surfacL!s i3 

the action of CO bubbles rising from the bath. This mechéHlism has been 

clearly demo"lstrated in mercury/water systems \lhereby each CO lJubble 

rising through the interface betvJeen lhe t,lO phases c::lrries along a 

film of mercury Lhat subsequently peels of f c1nd ru~ture~J. Bence, 

scatterlng droplets of lllcrclH'l into the waU~t phase. As a resull, the 

surface area between the tW8 phases increases. 

m 
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Fig. 2.34 Diagram showing the f10w set up in a foaming slag br a 
gas jet from (a) a lance above the foam and (b) from a 
lance within the foam[4J. 

l\lthough lhe CO bubbles tend to promote emu1sification, large CO 

evolution inside the emulsion is the most stabilizing factor. CO 

bubbles may tend lo counterbalance gravitational forces on metallic 

droplets by remaining in contact with their metal droplet. 

Furthermore, the coalescence of two metal droplets is impeded by a 

yaseous CO film, thus. preventing direct contact. Therefore, anything 

that inhibits movement cf metal drop1ets or gas bubbles within the 

emulsion is also a stabilizing factor. Destruction of the emulsion i8 

fZlcilitated by either coalescence and sedimentation or by complete 

combustlon of the metallic droplet. 
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Temperatures measured in the hot spot, under the oxygen jet are in the 

range of 2200 oc to 2500 OC. This ensures comp] ete combustion of oxygen 

in the vicini ty. Early in the development of the BOF process, Lhe hot 

spot was considered as the only possible place for decarburization, 

except at low carbon levels. As the process developed, another opinion 

had gained support; a very large proportion 0f the carbon combustion 

occurs in the slag/metal emulsion. For the fonner opinion to be valid, 

oxygen has to be transferred, as iron oxide, from the hot spot to the 

decarburization site. Other, although minor, decarburizatlon sites 

suggested have been the refractory walls, and along the tra]ectory of 

CO bubbles within ~~e metal. 

The evolution of the slag during oxygen :3teelmaking depends on l1urnerous 

factors such as lance height, oxygen flow rate, flux additions, etc. 

An example of the composition evolutiol1 of BOF slag is represcnted ln 

Fig. 2.35. An increase in the i::::on-oxide content during the fint part 

of the blow is followed by a l.eduction of this oxide in conjul1ction 

with an increase in slag height. TowaJ:"ds the end of the blow, a steady 

increase in iron oxide occurs. 

At the beginning of the bloK there is almost no liquid slag present. 

Any oxides that have remained in the vessel [rom previous beats have 

frozen by the addition of scrap and relatively cold hot metai. Whe r 

the slag i3 solid 01 very viscous, the slag Célll l)e pushed away [rom the 

imr~ngement site towards the walls. 

directly onto the hot metal. 

This permiLs the jet to lmpiIlge 

1I11~1I1I1I1I~1I .. ~ ........ ~ .......... .. • """77 zr ~.=.T ...... ______________ ~ ________ ___ 
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Fig. 2.35 Compositional change of 91ag in a BOF vessel with 
variable lance height during the blow[4]. 

The starl of the main period of the blow is defined as the moment that 

an emulsion is formed, which requires a fluid slag. The heat and 

rluidifier~ required to form this slag are brought to the slag by the 

metal dLoplets emanating from the impact zone. Their reactions in the 

jet zone have superheated them to high temperatures and left them 

partii'tlly refined and covered with layers of oxides of iron, manganese, 

and silica. The mass of the slag can then rapidly reach 1550°C and a 

liquid slag, where lime can be dissolved, is formed. The variation in 

the start o[ Lhis emulsion formation is certainly one of the important 

causes of variability from heat to heat. 

As was previously mentioned, the oxygen content is always in excess of 

LllaL LcquiL(~d [or equilibrium with Pco= 1 atm. Analysis of the metal 
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droplets ejected from the vessel show an oxygen content much more in 

excess and a carbon content lower than the bulk metal. Indeed the; 

minor element content of the metal droplet is significantly less than 

the bulk metal. From this analysis of the droplets, several 

conclusions can made; (1) metal droplets are more efficiently 

decarburized than the bulk metal and (2) the droplet size has an 

influence, the smaller the droplet the more decarburi~ed it is. 

During this period, the major site of decarburization can be adjusted 

somewhat; to occur under the jet a very penetrating jet is used and, 

at high carbon levels, the jet has 3n efficiency of almost 1009, 

decarburization. This means that there i3 little oxygen left for the 

emulsion. When this practice continues for an extended period, the 

slag becomes dry; the liquid part of the slag disappears due Lo the 

reduction of its iron oxide contents by CO ricl1 gases or by carhon in 

the metal droplets. The operator of the vessel typically responds to 

this condition by softening the oxygen jet by eitl1er reducing the flo\{ 

rate or by raising the lance. 

On the other hand, very soft oxygen jets tend to oxidize mostly the 

slag. High iron oxide contents may build up and the Fe3
' IFe~' ratio 

increases. If excessively soft blowing conditions prevaj 2 long enough, 

the size of the foaming emulsion, and, therefore, the generation of CO 

bubbles in the slag increases. 

become violent and hazardous. 

In the extreme case, the reactions 

Meyer et al ml have establ ishcd the 

patterns of decarburization tl1at promote heavy slopping as '3hown in 

Fig. 2.36. Curves a and b correspond ta heats in wh tch the rate of 
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decarburization early in the blow was quite fast, but showed a sudden 

decreJse in the rate at the arrows. Since the oxygen flow continued 

uninterrupted, the rate of FeO formation must have increased at this 

point and continued for several minutes. when the rate of CO evolution 

began to increase, the result was heavy slopping. Curve c is an 

average of several heats which did nct exhibit slopping nor the 

decarburization pattern of curves a and b. A slower decarburization 

rate is not the solution as can be seen in Fig. 2.36. Heat B in the 

figure exhibits a slower decarburization rate than heat A, for 

identical operating conditions, meaning that FeO built up until the 

eight minute mark, at which time the rate increased drastically and 

heavy slopping occurred. The above observations confirrn that a balance 

between hard and soft blowing must be maintained. 
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Fig. 2.36 Decarburization rate curves taken d~ring the critical 
slag formation period l2SI • 
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As lùng as the concentration of carbon, manganese, or silicon is still 

signi ficant, the overall rate of the reactions is 'Jovernect by the rate 

of oxygen supply from the slag. The chemical ~eaction step does not 

limit the rate of the proces~, Indeed, it has been suggested that at 

times the rate is limited by the supply of FeO to the slag, an oxygen 

source, 
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Fig, 2,37 Comparison of decarburization rates for smooth and sloppy 
f heats l2SJ , 
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At the other ~xtreme, as the bath carbon content becomes low (O.02%C), 

the rate of mass transfer of carbon from within the metal to thE' 

reactio11 interface becomes the rate limiting step. Since this 

mechanism is slower than the preceding one and the residence timc of 

each droplet in the slag is decreased due to an increase in the 

fluidity of the s!ag, the overall process rate decreases as shown in 

Fig. 2.37. The slag fluidity increase due to a higher iron oxide 

content. 

As a final topic, scrap melting during the BOF process is discussed 

because of its impact on the chemistry and temperature of the steel. 

It has been acknowledged that scrap is a major factor responsible for 

difficulties in end-point temperature control. In :ieed it is not 

uncommon to find unmelted scrap in the vessel at tap. 

The mechanism by which scrap enters the molten bath can be broken into 

four unique stages. In the first stagE' when the hot metal is poured 

over the cold scrap a skin of hot metal freezes over the steel. The 

thickness of the skin of sol id hot metal depends largely on the 

capacity of the scrap to absorb the thermal energy and maintain the 

temperature of the hot metal below solidus. Once the scrap has been 

heated to the liquidus ternperature of the hot metal, at least at the 

surface of the scrap, the solidified layer melts away. 

The rate at which stages 1 and 2 are comp.teted depends f,trongly on the 
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scrap thickness and the heùt tra'1sfer coefficient. It should be noted 

that the type, shape and size of the scrap are elusive parë'lffiCLers and, 

in gener.:ll, a scrap charge will contain a large variety of these 

parameters. Therefore, it is sometimes useful ta consider the volume 

to surface r~tio of the scrap piece or bulk. Scrap with a low volume 

te, surfc.ce ratio will complete stages 1 and '2 faster. The other 

parameter affecting stages 1 and 2 is the heat transfer coefficient. 

In general, the greater the bath agitation, the higher the heat 

transfer coefficient. Therefore, as one might expect, those 

steelmaking processes having gas injection through the bot tom oi the 

vessel have a higher heat transfer coefficient. 

Once the bot :.:atal is remel ted in stage 2, the thermal energy of the 

scrap continues ta increase until the temperature profile of the scrap 

is uniform and equal to the bath temperature, which continues to rise. 

For a major portion of the blow, the carbon content of the bat~ is 

higher lhan that of the scrap. During this time, the surface of the 

steel scrap is subjected to carburi zing conditions which requires mass 

transfer of carbon from the bulk metal to the scrap surface. This is 

stage 3 in the 0verall processi Fig. 2.38 shows the general definition 

of the lerms used ta analyze t~1.i.S stage while Fig. 2.39 shows the 

carburizaU on process. The major parameters governing the rate of this 

stage are the volume ta surface ratio o[ the scrap aad the mass 

transfer of carbon from the bulk to the scrap, which is improved by 

greater bath agitation. 
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Fig. 2.38 Definition of conditions and terms used in analysis of 
scrap melting. Co is the scrap carbon content and Cb 1s 
the b~lk carbon content of the bath. 
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Fig. 2.39 Scrap carburization mechanism during scrap melting in the 
y BOF process. 
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The duration of this stage i5 cf course dependant on the bath 

temperacure and carbon content c~ the scrap and the bulk metal. Once 

the temperature of the bath reache5 the melting peint of the scrap, any 

rema1ning scrap ~111 melt rapidly. This i9 stage four in the process, 

and 1s not necessarily reached. 
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3. Accelerometer Tranaducer 

3.1 Introducti~n 

Page -3.1-

An accelerometer, as the name implies, is a t ransducer that can measure 

the acc~üeration of a body. Acceleration ls defined as the ra~e of 

change of velocity with respect ta a reference system. The common 

sensing element of all accelerometer trarsducers is the seismic mass 

(Fig. 3.1). In i ts sj.lIlplest forro, the seismic mass is restrained by 

a spring, and its motion is dampened in a spring-mass system. When an 

acceleration is applied ta the transducer case, the mass moves relative 

to the case (Fig. 3.1-b) When the acc~leration is removed the spring 

returns the mass ta its or~ginal positi0n (Fig. 3.1-cl. ihe 

accelerometer transducer can be used ta measure vibr.ations by 

monitoring the displacement of the seismic mass from i ts original 

position with respect to time, ie. oscillation. 

Domper 

.1' , ., ... 

(a) Acc.elerahon oppfled (b) Accelero1ion rerr.oved 

Fig. 3.1 Basic spring-mass system of an acceleration transducer. 
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The type of accel~rometer transducer employed in thjs study i~ Lhe 

piezoelectrlc accelerat10n type, which 1s primarily intended for the 

lpeasurement of vibratory acceleratlon and !::ihock. The transducer relies 

on the p~ezoelectric effer.t, which i8 the phenomena cf generating an 

electric chèrge when certain crystalline materials are pressed or 

squeezed. 

'l'he basic premise of the accelerometer, in the field of procer;s 

metallurgy, i5 the inhe~ent solid-liquid-gas interactions which cause 

lhe containment vessel to vibrate during the process. The status of 

these lllteractlons can L~ determined by the relative magnitude of the 

vessel vibrations. Thus, the accelerometer, a vibration sensitive 

device, can be used as a sensor to monitor the status of these 

interactions. 

fhe remaining portion of this ehapter provides a general description 

of accelerometer transducers, and a detailed description of 

piezoelectric accelerometers [26) • 

3.2 General Description of Accelerometers 

Accelerometer transducers can be categorized by the type of 

acceleration, 1inear or angular, which they !l~asure. The seismic mass 

in a linear accelerometer is usually of circulér (solid or annular) or 

rectangu1ar shape in cross section. The mass ~an be 1ink€~ to the case 

by f1e',ures made to slide a10ng a bar, or it can be otherwise 

restr&ined from motion in any but the sensing axes. The seismie mass 

of an angul&r accelerometer, which can b0 a dise pivoted at its center 
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and restrained by a spiral spring, responds to angular acceleration 

with an angular displacement. 

The basic types of acceleromcter transducer designs are: 

• Capacitive 
• Photoelectric 
• Potentiometric 
• Reluctive 
• Strain-gauge 
• Servo 
• Vibrating element 
• Piezoclect:ric 

Capaoitive 

Car,ar:itive acceleration transducers rely on a change in capacilance in 

response to acceleration. This is achieved by implementing a [ixed 

st ator plate and a diaphragm of màtching configuration ta which a 

circular seismic mass is attached. The diaphragm acts as a restraining 

spring as weIl as the moving rotor, or electrode, of the capacitor. 

Acceleration acting on the mass causes the diaphragm ta deflect and ilS 

capacitance ta the stator ta change proportionally. When the capacitor 

is connected into 2n A-C bridge, an A-C voltage of varying amplitude 

can be produced as the transducer's output. A frequency-modulated 

output can be generated by using the capacito~ in ~n oscillator tank 

circuit. Transducers of this type have not been produced commercially 

to any significant extent. However, the ~apacitive principle has been 

applied in certain servo accelerometer designs. 

Photoelectric 

Photoelectric acceleration transducer designs utilize the motion of the 

seismic mass as a shutter between a light source and one or two 

photoelectric sensors (photoelectric sensors measure llght intensity) . 
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The output of the photoelectr ic sensor ~:3 proportional to acceleral;:ion. 

This type ,')f transducer is primarily intended for re.latively slowly 

varying acceleration and are not generally available. The more common 

type of acce:lerometer transduce.c 

slowly varying acceleration is 

transducers. 

Potentiometric 

for the application of measuring 

the potentiometric acceleration 

In potentlometric transducers a seismic mass is mechanically linked to 

a wiper arm which moves over the active portion of a resistance element 

with full-span deflection of the mass. Most pùtentiomet~ic 

accelerometers incorporate overload protection to limit the wiper 

travel when accelerations exceed the transducer' s range. Various types 

of dampening mechanisms are usually applied to minimize vib~Qtion­

induced noise in the transducer output due to wiper whipping and 12rge 

changes in instantaneous contact resistance between the wiper and the 

resistance element. In addition, there is usually sorne sort of 

amplification linkage used between the seismic mass and the wiper arm. 
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Reluctive Transduct1ve 

There are two types of reluctive transduction elements that are ~sed 

in commercial accelerometers, an inductive oridge type and the 

differential-transforrr.E::r type. The frequency response of the reluctive 

type is substa .• tially higher t.han that of the potentiometric design~. 

In addition ta the higher frequency response, the internal components 

of the rel1.lctive type can be made from ma.:erials usable at fairly l1igh 

temperatures. 

Strain-Gauge 

The strain-gauge transducers convert acceleration into a change of 

resistance due to strain in two or, more corrunonly, four arms of a 

Wheatstone Bridge, and they exist in a variety of designs. The 

circuits are mounted ta the spring in a mass spring system and to a 

separate stress member additional to the spring, or between the seismic 

mass and a stationary frame. 

Servo 

Servo accelerometers are widely employed when demands for closE 

accuracy and high-level output warrant tbeir relatively high cost. 

They typically employ a closed loop servo system such as force balarce, 

torque balance or null balance. The basic components consist of a 

seismic mass, a sens or which detects the motion of the seismic mass, 

a servo-nulling amplifier, a restoting coil, and an output resistor. 

The motion of the sei smic mass is transduced into an error signal in 

the servo system by the motion detecting sensor. The error signal is 

amplified by the servo-nul!.ing amplifj er which causes a feed-back 
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c~rrent ta flow through the restoring coil and the output resistor. 

The restoring coil ls mecha~ically linked with the seismic mass in a 

mass-coil system. The current from the servo amplifier causes a torque 

to be produced by the coil which 15 equal and opposite to the 

~cceleration gener~ted torque acting on the mass-coil penduluffi. At 

this point the servo system is in a force-torque balance condition. 

'l'he current from the servo-nulling amplifier required to achieve the 

balance is directly proportional to the applied acceleration. Since 

the output resistor has a fixed value, the output voltage of the 

transduc€r is also proportiopal to the acceleration. 

Vibrating-Element 

The vibrating element principle has been applied in an acceleration 

transùucer used for space booster acceleration telemetry where an 

overall rneasurement system accuracy within :tO. 25% of full scale 

deflection is required. The high cost of this type is due to the 

difficult1es involved in the design and manufacture. The operating 

princlple ls quite simple. A tungsten wire, the vibrating element , 

is attached at one end to a sei smic mass and at the other end to a 

fixed part of the transducer case. Motion of the seismic mass causes 

a change in the tension of the wire and hence in i ts resonant 

frequency. The wire ls in a permanent magnetic field established by 

a pair of magnets parallel ta the wire. A current passed through the 

wire causes it to vibrate at its resc,nant frequency. This oscillation 

15 maintained in a feedback circuit whose frequency controlling element 

ls constituted by the wire-magnet assembly. The signal in the circuit 

ls then coupled ta an amplifier from which the transducer output is 
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obtained. The output amplitude is essentially constant in the 

measuring range. The output frequency, however, changes with 

acceleratLon in a parabolic fashion. 

3.3 Piezoe1ectric Acceleration Transducers 

The most common acceleration transducers are '..:he piezoelectric type and 

are designed primariIy for the measurement of vibratory acceleration 

and shock. 

The piezoelectric effect was discovered tn 1890 by Pierre and Jacques 

Currie when they observed that electricai charges were produced by a 

quartz crystal when weights were placed on it. The term is derived 

from the Greek word pie zen, which means to squeeze. Various 

researchers subsequentIy showed that '3.bout fort y types of crystalline 

materials generate an eiectricai charge when they are pressed or 

squeezed so that they undeI:go minute dimensional change (ie. in length, 

width or thickness). The Currie brothers aiso discovered the inverse 

effect, dimensional change when an electrical charge is applied to the 

crystal. 
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3.3.1 Crystal ~.ater;i.als 

There are two basic types of crystal materials, natural and synthetic. 

The latter are invariably ceramic mixtures. Natural piezoelectric 

crystals, wi th the e.ll..::p.ption of tourmaline and quartz, are artificially 

grown from al1 aqueous solution of the material under cl05ely controlled 

conditions. The transduction element is created by slicing a slab from 

the crystal along a carefully chosen crystallographic axis, then plates 

of the desired configuration are cut from the slab. Tourmaline, a 

complex silicate of aluminum and boron, and silica crystals are usually 

selected from those found in their natur~l state. However, quartz is 

the only natural crystal material to have found widespread application 

in acceleration transducers. 

Quartz plates, when stressed in thickness-shear, thickness expansion, 

or length expansion modes, are characterized by a high and stable 

frequency. Thus, they can be used over a wide range of temperatures. 

A major disadvantage, however, is that their sensitivity is quite low. 

Ceramic crystals are employed more frequently than natural ones. Most 

piezoelectric ceramics c0ntain various mixtures of such materials as 

lead zirconate, lead niobate, lead zirconate/barium zirconate. The 

manufacture of a ceramic element begins wit11 mixing various known 

proportions of compounds in a ball mill along with a binder. The 

mixture i5 then molded inte the desired shape in a hydraulic press. 

The result is a soft bisque which is removed from the mold and is 

sintered in a high tewperature kiln. After sintering the ceramic is 

cooled to form a hard shaped object, which is subsequently polarized 



,. 

Page -3.9-

by exposure to orienting electric fields. The polarizing operation 

causes the ceramic to exhibit the required piezoelectric qualities. 

Temperature cycling, aging and cleaning complete the manufacturing 

process. Electrodes can be metal films made integral with the surface 

by high-temperature firing. 

An important characteristic of piezoelectric ceramic materials is their 

Currie point, the temperature at which the piezoelectric quality is 

lost. The Currie point, therefore, determines the upper limit of tne 

operating ternperature range of the transducer. The operating 

temperature is always specified well below the Currie point ta provide 

a ~argin of safety. Currie points can vary from 30°C to 570°C. 

3.3.2 Designs 

Piezoelectric accelerometer designs can be typified by t~ose shown in 

Fig. 3.2. The acceleration sensing axis is perpendicular to the base. 

Crystals are polarized in such a way as to minimize output due ta 

acceleration along other axes. A portion of the spring action of the 

spring-mass system is provided by the crystal (k in Fig. 3.2) itself 

in all designs. In the basic and isolated compression designs, the 

transducer case also contributes ta the elastic component of the 

system. A curved spring in the isolated-mass compression design adds 

a third elastic member. Thus, the operation of both transducer types 

is affected by any forces acting on the case which tend to alter its 

elastic characteristics. 
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l>INGLF.-fNnED 
COMI'Hl:.SSION 

Typical piezoelectric acceleration transducer designs 
showing; (k) crystal, (m) sei~mic mass, (kl, k2 ... ) 
secondary elastic members[261. 

Case sensitivity is minimized in t q~ following three designs: single-

ended, bender-design, and shear-design. However, strains in the base 

of the five types can cause undesirable effects on transducer 

oerformance to various extents. In the compression designs the mass 

is preloaded against the crystal so that an output of alternatinCJ 

polarity is produced when compression is alternately increased and 

relieved due to vibratory acceleration. In the bender design the 

crystal is bound to a mushroom-shaped mass. In the arrangement shown 

in Fig. 3" 2, the mass also acts as an elaslic member. The rim of the 

l assembly deflects upward and downward with respect to its support 
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center. The shear design implements an annular crystal bonded to a 

center post on its inside surface dnd t0 an annular mass on its outside 

surface. Deflection of the mass, upwards or downwards, causes shear 

stresses acrOSd the thickness of the crystal. 

The case of many piezoelectric accelerometers are electrically 

connected to one electrode or a set of electrodes. The case 1s 

hermetically sealed to prevent the entry of moisture. An internaI 

thread in the base is t!1e typical provision for mounting. In a 

situation \:here the case must be electrically insulated from the 

measured structure an insulated mounting stud can be employed. Cases 

too small for mounting by means of threads can be cemented to the 

stt:'ucture. 

3.3.3. Signal Conditioninq 

The output (charge or voltage) of the piezoeleclric transducer is 

smaller than that which most telemetry or readout systems require, and, 

more importantly, the output impedance is much higher than usable in 

virtually illl electronic measuring systems. Thus, signal conditioning 

circuitry is required for piezoelectric accelerometers. To transform 

this high impedance into one of a much lower value, a cathode-follower, 

emitter-follower, or amplifier is connected to the transducer with as 

short a cable as possible as the installation will allow. 

Sinc..e the cable is on the high impedance side of the amplitu.de, it 

requires special attention. The cable should be as free as possible 
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from triboelectric noise (noise induced by f:r-iction between the 

conducting and insulating portions of the cabl~). The friction can be 

reduced by employing a graphite lubricant between the conductor and the 

insulat ion. Several transducer de~igns incorporate signal conditioning 

within the transducer case. 

3.3.4 Sources of Error 

Errors can be produced wi thin the transducer: by mechanical deformation 

of the case, by stresses caused by uneven thermal expansion and by 

spurious electrical signaIs generated across the crystal electrodes due 

to charge separation in the crystal in response to a step change in 

tempera ture. This la st effect is known as the pipoelectric effect, and 

can be minimized by proper transducer design. 

Transverse sensi tivity, sensitivity to acceleration in axes other than 

the sensing axis, can also be minimized by proper design. 

The most frequent cause of transducer failure, however, is breakage of 

the coaxial cable conductor at either connector due to improper 

handling. 

3.3.5 PCB 30BB02 Quartz Accelerometer 

The type of piezoele8tric accelerometer employed in this study i5 the 

reB 308B02 manufactured by PCB Piezotronics[21J. The model i8 primarily 

designed to measure low to medium frequency (1 to 3000Hz) vibration and 

shock motion on heavy structures of industrial machines, machine tools, 

vehicles, suspensions, engines, etc. 
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Schematic of the peB 308B02 accelerometer from peB 
Piezotronics[2?] . 

This is a heavy, rugged instrument for prolonged service in industrial 

and vehicle environments. The structure of the model contains a quartz 

compression mode element, an integrated circuit gain amplifier and an 

over-voltage protection circuit. The gain amplifier is self contained 

Sa that the system sensiti vi ty is lndependent of the power supply uni t . 

A schematic of the peB ~08B02 is shawn in Fig. 3.3. The power supply 

unit provides a constant ~urrent of 4 mA via a single thin coaxial 

cable, which reduces noise and attenuation problems. 

Installation of this transducer is facilitated by a rnounting stud in 

the base of the unit. Essentially there are three basic techniques of 

mounting the unit ta the structure. Firstly, the mounting stud itself 
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can be used to connect the unit to the structure either in a screw 

mounting or a stud mounting. Secondly, an adhesive mounting base can 

be mounted ante the stud. This special base permits the unit to be 

bonded to the structure by u~e of epoxy or another suitable adhesive. 

The third technique of mounting the unit is extremely versatile and 

simple. This technique employs a magnetic mounting base which can be 

threaded onto the stud. Of course, its application is lirnited to 

magnetic structures. 

Special care must be caken with coaxial cables and their connection to 

the transducer unit. The çable should be clamped or taped to the 

measured structure approximately 2.5 to 3 inched from the transducer 

permitting slack on the cable for stress relief. This should be 

practised because high strains can be transmitted through the free 

length of cable to the accelerometer. 

In addition, RTV rubber boots that cover the accelerorneter should be 

implemented. These boots are particularly useful for protecting the 

accelerometer from thermal and mechanical damage. 
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4. Control of the Oxygen Steelmaking Process 

4.1 Introduction 

The development of the BOF and other oxygen steelmaking processes has 

placed greater emphasis on productivity and control. This need stems 

from the fact that a typi~al BOF shop has typi~ally only two to three 

vessels whereas the open hearth shop has up to 15 furnaces to produce 

the same annual production. Coupled with the fact that numerous steel 

plants have shifted their open hearth productior' to BOF shops, qains 

in productivity and cont.col of the proces~ readily translate into 

profits. 

In general, the objectives of the BOF process are to produce a given 

weight, temperature and composition of blown metal wnich, through the 

addition of the appropriate alloys in the steel ladle, can produce a 

product of a specified composition. Typically, the aim weight of steel 

in the ladle is a standard amount, facilitating the s}nchronization 

betwee:1 steelmaking and casting departments. 

composition of the steel is dictated by the 

produced and the casting process to be employed. 

The ten1perature and 

type of steel to be 

To achieve the above mentioned objectives, three primary elements must 

be controlled in the BOF; these are carbon, phosphorous, and sulphur. 

The carbon content is no doubt the most important and is the primary 

objective of most contr01 schemes. The importance of the sulphur and 

phosphorous contents are determined, to a large extent, by the 

composition of the hot metal. Generally sulphur is considered more 

important in a low phosphorous hot metal practice and phosphorous i5 
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of primary i,nportance in a high phosphorous practice. 

To minimize material consumption, increase yield, and ensure the 

required ladle composition, blown metal weight must be controlled so 

that the correct weigh~ of steel is tapped into the ladle. Production 

of liquid steel in exceS3 of the ladle capacity is tapped into the slag 

pot from the BOF, significantly decreasing yield. On the other h~nd, 

production of liquid steel in an amount significantly less than the 

standard weight will cause numerous problems downstream at the casting 

facilities. 

End-point temperature ls one of the most cI:itical parameters in 

steelmaking as it significantly Jffects product quality; there is a 

narrow range of furnace and ladle temperatures for optimum steel 

quality. Although the significance of this parameter has diminished 

with the introduction of ladle furnaces, end-point temperature also 

greatly affects the service life of the refractüry linings and, hence, 

production costs. 

As mentioned above, control schemes vary from plant ta plant. An 

optimum method for a shop depends largely on the product mix, casting 

process employed, and hot mecal availability. Control schemes are 

typically based on a charge calcuJation that is refined by either a 

predictive-adaptive static model or on a continuous or periodic 

measurement of process variables, such as carbon, in a dynamic control 

model or a combination thereof. Regardless of the control strategy, 

there are several desirable attributes that facilitate good BOF 

• 



Page -4.3-

control [41 : 

• Consistent hot metal of accurately known chemistry and 
weight. 

• Scrap of consistent density and with low harmful residual 
elements su ch as sulphur, copper and tin. 

• Lime, dolomite and other fluxes of consistent chemistry and 
sizing. 

The importance of obtaining these attributes 1s read1l\' understood when 

one hears BOF operators say that a simple charge calculation model is 

sufficienL when these attributes are obtained. However, these 

requirements are seldom fully n .. r. in practice. This absence has led 

to the development of numerous control schemes, sorne of which 

incorporate direct and non-direct measurement of variables on a 

periodic and/or continuous basis, that attempt to ref ine the basic 

charge model. 

In this chapter, stltic control schemes are reviewed first, followed 

by a discussion of dynamic end-point control schemes covering both 

periodic and continuous meésurement of variables. 
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4.2 Static Control 

4.2.1 Introduction 

The static c0ntrol model is tne starting point in the production of any 

parti cu l ar type of steel. Indeed, whether the oxygen steelmaking 

process is controlled dynamically or pseudo-dynamically the various 

components which are charged before, or shortly after the start of the 

blow are determined by the static model. Static control of the BOF 

process is essentially a charge calculation model. Thus, the static 

control model is a critical component in any process control scheme. 

There are basically three different types of static control modeis in 

existence today, these being: 

·Predictive 
·Statistical 
·Predictive-Adaptive 

The predictive static model is based on the thermochemical and mass 

balance relationships of the process. On the other hand, the 

statistical static model is based on a series of correlations between 

the process inputs and outputs, treating the BOF as a black box. 

Statislical static modeis appeared after early predictive modeis 

yj elded large deviations between predicted and actual results, however, 

only a small improvement in end-point temperature predictions was 

obtained l:l8l. The limitation of these two types of statie control 

modeis facilitated the development of a predictive-adaptive statie 

control scheme. In faet, the typical statie model is a combination of 

the predictive and static models and is referred ta as predictive-

adaptive. 
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Regardless of the type of static model, the basic objective of the 

calculations is to determine the amounts of each individual component 

which must be charged into the vessel in order to produce a desired 

final steel composition, temperature, and weight. At the present time, 

a typical charge calculation model i9 required to perform the fol10wing 

four tasks: 

oOrdering Calculation 
oBlowing Calculation 
oReblow Calculation 
oPosteriori Calculation 

The ordering calculation determines vessel additions such as the weight 

of hot metal, scrap, burnt lime, and recycled slag. Ail of these are 

needed in varying amounts to produce the desired characteristics of the 

steel. The purpose of this calculation is to "order" the various 

components and to have them prepared for the charge. In the 

calculation, the composition and temperatures of the various 

components, such as hot metal, slag, etc., are often presumed to be 

represented by the previous analysis of these components. 

Unfortunately, it is often the case that the amounts of hot metal and 

scrap ordered are not the same as that delivered to the vessel. 

There~ore, th"! hot metal is normally weighed in the trans fer ladle once 

it has been charged from the torpedo car. In addition, the previous 

analysis of the hot metal rnay not represent the composition or 

temperature of the hot metal that will be charged into the vessel. 

Thus, a sample of the hot metal is taken for chemical analysls anù the 

temperature is rneasured. Furthermore, the actual weight and type of 

scrap charged may differ from that requested. Consequently, another 
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charge calculation must he performed to account for the new values of 

weight, composition, and temperature in the various components. 

Bence, the objective of the blowing calculation is to provide an 

adjustment according ta the values of the materials actually charged 

into the vessel. This enables a more rl:!presentative description of the 

main components to update the model. In these calculations the weight 

of scrap and hot metal become constraints within the model, along with 

the composition and temperature of these materials and the desired 

steel product. 'l'hese constraints are then applied to determine the 

weights of the remaining parameters. The desired slag composition and 

weight is also a constraint within the model. The main parameters that 

are determined at this point are the total amount of oxygen required 

to refine the hot metal, the weight of the ore addition (coolant), and 

the flux additions. 

The blowing calculation assumes that the main parameters of 

decarburization rate, or efficiency, and the temperature rise that 

would occur in the upcoming heat, can be characterized by the values 

of those parameters which occurred in previous heat(s). In addition, 

the model assumes that the ~alues given for various cornponents are 

correct. These assumptions are not always val id, resulting in a steel 

whose composition and/or temperature are not the sarne as those 

calculated. This necessitates a reblow calculation, in which the 

calculation determines the correcttve action required to achieve the 

composition and temperature desired. 
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AS stated, the objective of the reblow calculation is to determine the 

corrective action required to achieve the desired composition and 

ternperature. The calculations are usually based on an analysis of th2 

steel composition after the main blow and a temperature measurement. 

The two basic corrective actions that can be performect are addition of 

coolants and oxygen blowing. The reblow calculation is repeated until 

the composition and temperature lie wi thin an acceptable range, or when 

the steel is downgraded. Downgrading of a heat simply implies that the 

original steel specifications could not be obtained and, therefore, the 

steel produced is classified as another type of steel, usually of a 

less desirable steel grade. 

Once the blow has been completed, the posteriori calculation is 

performed. The objective of this calculation is to update certain 

parameters, such as the rate of temperature rise for the model in the 

next heat. In doing so, the calculation determines the closing items 

in the balances for the heat just finished. The basis of this 

calculation is the final composition and temperature of the steel. 
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4.2.2 Predictive Mode1s 

The thermochemical and mass balance relations describing the BOF 

process have long been available l29J ; with only minor modifications, 

these relations are the basis of the predictive static model. The 

earliest publication of a predictive model WélS by Slatoskyl30J, although 

the original aim of the control scheme was to control only temperature 

by means of adjusting 5crap addition. This model, initially 

implemented on a complex slide rule, was successfully transferred to 

an analog computer to avoid operator error. 

The first control model developed for use with a digital computer was 

described by Boltz in 1967 1311 . In this application extensive effort 

was made ta provide reliable inputs and complete chemical analysis and 

weights. The system was designed to control carbon, temperature, 

sulphur, phosphorous, total oxygen blown and tapping weight. Inputs 

were directly interfaced with the computer, minimizing operator effort. 

The model went 50 far as to have bias switct~es that permitted 

~dj0~tment for short and long term swings in furnace turndowns. The 

charge model flow sheet, illustrated in Fig. 4.1, is divided into four 

sections. Section A contains aIl computations which occur only once 

per charge calculation, whereas section B contains computations which 

may be performed several times. Section (: contains the possible 

combinations of known and unknown factors which are used in the 

simultaneous solution of heat and iron balances. The first iteration 

is normally based on a specifie steel product weight desired and a 

known weight of scrap in the scrap box. The final computations in this 

section are the oxygen volume, burnt lime, slag FeO and slag weight. 
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Section 0 verifies that the results obtained by the previous sections 

are within preset tolerances. If they are not, then another iteration 

is performed until a valid solution is obtained. 

FLOW CHART OF CHARGE CALCULATION 
~I----------C--------~ ~---D---~ 

Known Unknown 
.~ 

A- l 

Calculete- ... Screp HM_ Calcula te-
~ TOlal ,f ~ 

Average Scrap Analysis Steel Ore Lance Oz. Volume NG OK 
ChergeWt 

~ for Carbon Oxidation .... HM Screp Burnt Lime Wt Companson 
Heat Available from: 

t 

Sleel Ore .. Burnf Lime Wt • 
Carbon Oxidation,Ore,Scrap, 

_HM Ore~ Tolerance Check ~ Or.WI ~ Slag, Fume, a Lance 02 
Scrap Steel Check 

r- Calculate-B- Ore HM 
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Fig. 4.1 Flowchart for charge calculation (after D. G. Bs ltz (311) • 
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4.2.3 S~atistical Models 

The development of statistical models stems directly from the earliest 

operators that controlleè the process. If a heat WaS turned down too 

low in tempe rature , the operators wouid tend to blow more oxygen or add 

more hot metal ~~r the next heat. Like the operator r the statistical 

model reacts according to the inputs and outFuts of previous heats. 

More speci fically, the statistical model is based on a series of 

equations that relate aIl the output variables with the input 

variables. The coefficients of these equations are based on a limited 

number of rec~~t heats. Thus, the model treats the process as though 

it were a black box. 

One such model was developed by Katsura et al [321, after an initial 

attempt with a predictive model that yielded large deviations between 

predicted and actual results. Through the developrnent of the 

statistical madel, evolved the assurnptian that relatively long term 

changes in the process were affecting the sensitivity of the regression 

analysis. Therefore, a control equation utilizing the data of only the 

la~t heat was developed: 

Tu = Tp + [ f(X 1u ) - f(X 1p )] + [ f(X2u ) - f(X2p )] + .... (4.1) 

where Tu is the estimated curndown temperature of the upcoming heat. 

Tp is the measured turndown temperature of the previous heat. Xl' X2 

are the mathematical weightings, while analyses, end-point 

conditions and f (hl) are sorne function of the refining variables. This 

version of the control model had improved the end-point temperature, 

however, as with the predictive models, the results obtained were not 

satisfactory. 
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4.2.4 Predictive-Adaptive Modela 

The predictive-adaptive model combines both the predictive .:\nd 

statistieal models. The basic -::harge ealculation is based on the 

thermochemical and mass balance relations of the process. Coefficients 

of sorne of the variables are modified in a statistical manner to 

respond to changes in the process. One such model was developed by 

CRM[3J) . 

Although the CRM model ls slmilar in sume respect s to the 80Hz model, 

it has two additional features that are worth noting. First, atler the 

completion of the blow, analyses of the slag, steel and aetual 

quantities charged, are used in a posteriori caleulation to determine 

oxygeII efficiencies and differenees between calculated and actual slag 

and temperature conditions. The corrected factors are then used in 

calculations for the next heat. Changes in the factors that .:lre 

recommended in this calculation are typieally damped by ~ncluding the 

recommended changes from several heats. 

The second and more important differenee ia in the calculation of the 

slag volume and composition using physico-chemieal principles. L'rom 

the phase diagrams of the slag system, correlations have been 

established between sulphur in the steel, sulphur particion ratio and 

slag weight. In addition, the lime saturation boundary in the pseudo­

ternary has been defined il 'erms of the slag iron content for a 

specifie BOF practice and a "ystem of six equations and six unknowns 

established for the slag describlng the interrelationships between the 

principle steelmaking eomponents CaO, MgO, MnO, Si021 FeTO, and P20s. 
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For each slag iron content the amounts of each of the other five 

components can be computed and for each slag composition the contents 

of P, 0, C, and Mn in the steel product are determined as well as an 

(S) fllaq/Sfo ratio. The coefficients used in the above equations are 

adjusted by posteriori calculations in a statistical manner. 

4.2.5 L~itations of Static Modela 

Performance, or reliability, of a static model is strongly dependant 

on the accuracy of the inputs into the model. In fact, if the 

variables could be measured accurately, the static model could describe 

the process and its end-points. Extensive effort has gone into 

designing systems with better input analyses, weights and 

instrumentation. As a result of these efforts, static models have 

shown sorne marginal improvements in end-point control. 

Several investigators 134,35,36) have calculated the amount of deviation 

in turndown temperature which could be expected based on variations in 

input variables. One very important point brought torward by Meyer et 

al llOI is that only a minor deviation between the calculated and actual 

slag iron oxide can cause a significant difference in the turndown 

temperature. Although the magnitude of this deviation is greater in 

theory than in practice, its magnitude is significant. 

Furthermore, the fundamental assumption of static control models is 

that if the heat is blown at the same lance height and oxygen rate, the 

decarburization rate and, indirectly, the heat generated will be the 

same as tèlat of the preceding heat. Analysis of off-gas indicates that 
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this assurnption is invalid. The d~carburization rate rnay not rernain 

the sarne for heats treated under identical conditions. Since lhis 

change is not predictable, turndown control of static models invariably 

deviate from actual values. Hence, the need for dynarnic control of the 

steelrnaking vessel. 



Page -4.14-

4.3 Dynamic End-Point Control 

4.3.1 Introduction 

The basic ass\.Jmption behind BOF dynamic control is that, although the 

decarburization rate is not directly related to the bath carbon for aIl 

heats, it is directly related to the heat in progress. From this 

assumption, and from monitoring the decarburization rate, directly or 

indirectly, it is possible to solve for an instantaneous bath carbon 

and determine the amount of oxygen required 1:.0 reach the aim bath 

carbon. 

One of the earliest attempts to dynamically control the BOF was 

reported by IRSID()1,J~J. The system was based on the principle that if 

one knew the inputs, particularly the total amount of carbon charged, 

one had only to analyze the percent carbon in the waste gas and measure 

t he vol ume of waste gas ta determine the quanti ty of carbon leaving the 

furnace per unit ti~e and determine the carbon in the bath at any time 

by integration: 

(4.2) 

In the above equation, Ct and Cl are the carbon content at time t and 

the initial carbon content, respectiveIy. Errors are compounded in the 

system through smaii errors in the waste gas volume, instrumentation, 

and uncertainty of the charg~ carbon. The magnitude of the compounded 

error is significant in light of the relatively smaii amount of carbon 

present l.n the bath at tap, Ct. As a result, this technique has 

received little attention. 

1 , '55 
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Ensuing work focussed on the exponential decay characteristic exhibi ted 

by the decarburization rate curve, Fig. 4.2. One system of particular 

significance was developed at Jones and Laughin(39,40J. In this work, 

coefficients of the expon~ntial decay equation for the heat in progress 

(determined by off-gas analysis, mass flow equipment and from Eq 

(4.2) ) , solve for the instantaneous bath carbon and the amount 0 f 

oxygen required to reach the aim carbon; the exponential Equation may 

be expressed as: 

where: 
R 

~ 

k 
C 

R = ~ (1 - e (-k (e - Co) ) (4.3) 

instantaneous decarbu:dzation efficiency [kg C / mJ
o2 1 

maximum decarburization efficiency encountered during tre 
course of the heat 
constant for the heat in progress 
% carbon in the bath corresponding to the decarburization 
efficiency R 
extrapolated bath carbon content when R equals zero. 

The Equation above may be rearranged to: 

C = - ln ( 1 - R(Rpl. + Co 
k 

(4.4) 

There are several mathematical methods for cc.llculating the coefficients 

of the exponential Equation and then determining the bath carbon; the 

most ·::ommon technique being non-linear least squares. Once these 

coefficIents have been determined, the remainlng oxygen required can 

be obtained by rearranging and integrating Equation (4.3) 

R = oC = ~ (1 - t~(-k(C - CO,) 

00 
(4 • 5) 

He.lce, lance oxygen required to obtain the final carbon, Cu can be 

expressed as 
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Fig. 4.2 Exponential decay characteristic exhibited by the 
decarburization rate curve. 
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The Jones and Laughin system employed a separate model to obtain 

temperature. Near the end of the blow an expendable bomb thermocouple, 

weighted to ensure penetration into the metal bath, was used to obtain 

a temperature measurement. From this and an empirical relationship 

relating the bomb tempera~ure and the remaining quantity of oxygen to 

blow, the end temperature was determined. 

From the development oE these two early attempts to control the BOF, 

one can see the basic dynamic control philosophies employed today. The 

first philosophy is to detect characteristic changes in the rate of 

decarburization and relate a signal, such as the carbon content of the 

off-gas, to the bath carbon content. The other philosophy is to 

actually sample the rnetal bath, as in the case of the expendable bomb 

thermocouple. The latter philosophy, in its rnOSt complete form, has 

culminated in the sublance technology. In the sublance technology the 

bath carbon is also sampled. The remainder of this chapter is devoted 

to the dynarnic control of the oxygen steelmaking process. 
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4.3.2 Periodic Measurement of Variables 

The sublance technology was first reported by Kern and Stelts[ 41 1 in 

1968 and was in commercial operation in 1967 [421. The development of 

the sublance system was spurred by the inadequacies of the static 

charge model and the waste-gas analysis[411. This problem was 

compounded by the high carbon product mix. Table 4.1 summarizes the 

end-point control for low, medium and high carbon for BOF' s at 

Bethlehem Steel in the second half of 1967. This data indicated the 

need [or improvement in the control of ca ~'bon and temperature, 

especially for high carbon ranges. 

'rable 4.1 End-Point Control Performance at Bethlehem' s BOFs[ 41 1. 

Aim Carbon Waste Gas Reblow Static 
Charge 

Range Analysis Prediction Madel 
.-

Law ±O.O14 ±O.OlS ±O.O30 
(%C<O.07) 

Medium ±O.O40 ±O.02S ±o.oao 
(O.07~%C~O.2) 

Iligh NIA ±O.O45 ±O.200 
('l,C~O .2) 

Temperature 
All Ranges ± 50 OF ± 3PF ± 85°F 

The development of the sublarce was facilitated by several empirical 

relationships that adequately described the decarburization and bath 

temperature change resulting from a reblow. The decarburization 

relationship were developed by determining the quantity of reblow 

oxygen required to remove carbon over narrow ranges. Temperature 

changes resulting from reblowing was expressed as a linear function 

of oxygen blown. This capability suggested a control scheme based 
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on knowing the carbon and the temperature near the end of the blow. 

To confirm this control scheme, Kern and Stelts performed a [ollow­

up study whereby they compared the reblow-prediction to the static 

charge model. As shown in Table 4.1, the accuracy of the reblow­

prediction was greater, even more so for medium and high carbon 

grades. The investigators noted that the improvement in accuracy 

was in large part due ta a relatively short reblow period. 

Since carbon deterrnination without turning down the vessel was the 

main problém (sampling of the bath ternperature through dispensable 

thermocouple bombs was available at this time), Kern and Stelts 

focussed their attention on the developrnent and testing of devices 

for carbon deterrnination. The devices relied on the liquidus arrest 

temperature technique; a sample of steel is allowed to solidify in a 

liquidus cup and as it solidifies the plateau in the temperature­

time trace served to indicate the carbon content of the steel 

sample. It must be noted that the liquidus cup technique was 

available at that time, however, the general practice was to stop 

the blow, turn the vessel down and take a deoxidized spoon sample. 

Kern and Stelts experimented with a drop-in, expendable device. The 

problem encountered with the drop-in technique was the short life 

span of the transmitting wires since a minimum of 25 seconds was 

needed to obtain the liquidus arrest temperature. rn aIl, seven 

correct readings were recorded in 22 trials. Further attempts ta 

improve the drop-in device were halted because of the sllccess with a 
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sublance device. 

Fig. 4.3 Schematic showing the relative location of the 
sublance[41 J • 
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The sublance system designed by Bethlehem Steel [43J was water cooled and 

entered the furnace through a hole in the plate hood approximately 

1.68m from the furnace center 11ne (Fig. 4.3). Vertical movement was 

controlled from a console on the service floor. The initial design of 

the liquidus carbon sensor proved to be inadequate, most of the devices 

burned off in the BOF. These problems were eventually overcome; the 

essential features were (Fig. 4.4) a refractory cup, a thermocouple 

element to measure the temperature of the solidifying steel sample, 
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sample inlet ports, a covering to prevent slag entrainment, an aluminum 

deoxidizer, a thermocouple to measure bath temperature, interconnecting 

wires and a protecti ve sleeve. The investigators reported a 90% 

success r~te with this sensor lance design . 

Fig. 4.4 
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Early design of the sublance probe!411. 

The effect of alloy elements in depressing the liquidus curve i8 well 

documented(441. This effect presented a concern to Kern and Stelts, 

primarily because the composition of the metal is not known in advance. 

To overcome this hurdle, the sensor lance was calibrated. Figure 4.5 

compares the liquidus temperature ta the carbon content obtained from 

the conventional spoon sample. With thls c~ !.ibratlon curve, the carbùn 

determined by the liquidus temperature agreed with the actual carbon 
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within ±O.04 %C with 95% confidence. Bath temperature measurements 

with the sublance were within ±14°C with 95% confidence when compared 

ta measurements taken in the conventional manner. 
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Comparison between liquidus tempe rature and carbon 
content [411. 

At this stage in the development of the sensor lance, the normal time 

from oxygen off ta oxygen on for a sublance test was less than two 

minutes. The nexc step in its deve~opment was to integrate it into the 

process control scheme. Essentially the control procedure developed 

was identical to the static control model except that the blow was 

interrupted after 80 to 90 percent of the aim oxygen had been blown. 

At that time the sublance was lowered into the bath and a carbon and 

tempe rature measurernent were taken; note that the lance was withdrawn 
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after a bath temperature measurement was obtained and the liquidus 

thermal arrest were determined as the lance was withdrawn. The oxygen 

volume and coolant required ta meet the aim carbon and the predicted 

temperature ri se was determined by a series of empirical relationships. 

The results presented by Kern and Stelts for sublûuce control indicated 

that the sublance improved carbon end-point prediction for medium and 

high carbon steels, Table 4.2, when compared ta the static charge 

model. Although no improvement was seen for low carbon, the 

application of the sublance was deemed beneficial because sampling time 

with a sublance was only 20% of the time required for a conventional 

spoon sample. Temperature end-point control was reported ta improve 

significantly. 

Table 4.2 End-Point Control Performance at Bethlehem' s BOFs{~IJ. 

Aim Carbon Blow Blow Statie 
Interrupt Interrupt Charge 

Range Prediction Control Madel 

Law ±O .028 ±O.031 ±O.O30 
(%C<O.07) 

Medium ±0.O56 ±O.059 ±O.O80 
(O. 07.$.%C.$.0. 2) 

High ±0.78 Insufficient ±O.200 
(%C~O.2) Data 

Temperature 
Ali Ranges ± 50°F ± 35°F ± 85°F 

The sublance system has signifieantly improved since the 1967 trials 

at Bethlehem Steel. Most importantly is the improvement in 
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reliability and availability. In fa~t, several steel producers are 

claiming >95% availability for in-blo~ measurements while the oxygen 

blow is uninterrupted, and an overall availability >97% of the 

suolance system(42,45,46,47). The high availability is due, in large 

part, to modifications made by numerous vendors and operators of the 

sublance technology. A noteworthy design improvement is the 

automatic sublance probe chargel designed by Hoogovens(28). In 

addition to the improvements in availability, the accuracy of the 

sublance system has been improved. Figure 4.6 shows the carbon and 

temperature error for the Bethlehem and Nippon Steel Corp. sublance 

systems. The results from the statie charge model are included for 

comparisan. 
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There are two main limitations to the use of sublances for process 

control, namely the capital costs and engineering difficulties 

associated with incorporating a sens or lance where the hood was not 

designed for a third lance (or in the worst case an OBM shop which does 

not have the overhead space to install one), and process limitations. 

The main process limitations are erroneous bath carnon and temperature 

measurements, subsequent errors due La the variation in decarburization 

rate during the final blowing period, and errors in the tempe rature 

attributable to variable rates of temperature rise per increment of 

lance oxygen. 

Erroneous liquidus carbon and temperature measurements have been 

attributed to slag, oxygen content of the steel, damage due to impact 

with unmelted scrap, and the manufacturing quality of the probe l4J • As 

noted by Kern and Stelts, the end-point control prediction is greatly 

improved when the bath is sampled with the sublance system closer ta 

the estimated end-point. However, sufficient room must be allowed for 

the case when the static charge model prediction has gone astray. 

Nonetheless, the improvements made to the sublance system have 

permittej sorne steelmakers, particularly the Japanese, to obtain 

substantial gains in productivity and reduce costs. Its implementation 

world wide is limited primarily by the prohibitive capital costs; a 

conservative estimate for the installation of the sublance in a three 

vessel BOF shop is $15 million (Cdn in 1987). For this reason and the 

others described above, there has been a move to measurement of the in­

furnace variables. 
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Continuous Measurement of Variables 
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'l'he developrnent of sensors which contir.uously monitor the status of the 

refining process allow3, for dynamic control schemes to respond to any 

deviations from the optimum refining path. Hence, end-point control 

is improved not only in terrns of the end-point, but also from guidance 

dur ing Lhe enUre heat. Invariably, dynamic control systems that 

ernp.J.oy continuous sensors to guide the refining process respond by 

modifying the blowing practice, i. e. lance height and oxygen flow rate, 

or by modifying the slag formation through the addition of fluxes. 

'rhe sensors described in this section are most commonly used for 

blowing/slag formation control and end-point control. However, the 

characteristics of sorne of these sensors limit their direct application 

for end-point control. That is ta say, these sensors must be used ta 

control the progress of the heat in arder ta improve end-'point control. 

The sensors that are described in the following section are: 

-Off-Gas Analysis 
-Fume Temperature 
-Acoustic Analysis 
-Vibrational Analysis 

4.3.3.2 Off-Gas AnalYRis 

The earliest application of off-gas analysis was reported by the IRSID 

organization in 1963 l311
• The technique was based on a dynamic carbon 

mass balance, as described by Eq. (4.2). As was mentioned earlier, the 

major drawbdck to this technique was that the actual carbon content 

towards the end of the refining process was often less than the total 
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cumulative errors in the system. For this reason the developers of 

this control scheme pursued other directions. 

Fig. 4.7 

Stock 

Hood ....... 

~/ 
Scrubber 

Schematic showing the general ar~angement of sensors 
employed for off-gas analysis at the steel vlOrks of 
Cockerill-Chertal l49J • 

The major avenue taken to develop an end-point control scheme using 

off-gas analysis was ta characterize the decarburization rate curve. 

A schematic showing the general arrangement of sensors employed for 

off-gas analysis at the steel works of Cockerill-Chertal is shown in 

Fig. 4.7. The flow rate of fumes, QF, is calculated [rom measurements 

of differential pressure, OP, absolute pressure, P, and temperature, 

T, taken at the venturi plaçed in the stack. 
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The decarburization rate, dC/dt, is obtained by means of the following 

relationship: 

in which: K 

K·QF·(CO + CO,) 
100 

1 [kg cl NmJ
] 

1.864 
QF = Flow rate of fumes [NmJ/min] 
CO = CO volume in fumes [%) 
CO2= COz volume in fumes [%) 

(4.7) 

A typical decarburization curve determined from off-gas analysis is 

shown in Fig. 4.8. As the heat progresses, the carbon removal rate 

il,creases until it reaches a maximum. Toward the end of the blow, the 

carbon removal rate decreases and the curve approximates an exponential 

decay curve. The break point at which the rate of decarburization 

decreases from its maximum value and aft~r which the curve assumes an 

expor ~ntial decay usually occurs below 0.5% carbon. According to Kern 

and Stelts, this break-point can vary over a wide range from heat to 

heat (42) • This break point has been the focal point of numerous 

decarburization models. The most popular decarburization model being 

the exponential one described earlier in Section 4.3.1. 

Kern and Stelts attempted to introduce sp0cifically end-point control, 

without controlling the refining process during the mêin part of the 

blow, at Bethlehem Steel (42) • They effi~loyed the off-gas analysis to 

detect the break-point carbon and predicted end-point carbon with the 

exponential model. The results obtained are summarized in Table 4.1. 

Unfortunately, a signi f icant quantity of steel produced was high 
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carbon, greater than the break-point carbon, and, therefore, the 

control scheme utilizing the off-gas was not applicable. 

Fig. 4.8 
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A noteworthy application of the off-gas analysis system to control the 

refining process, was reported by Anderson et al [50) • In this 

application the decarburization rate, determined with the aid of the 

off-gas analysis sysLem, is used te calculate a continuous oxygen 

balance in the vessel. From this balance, Anderson was able ta show 

the oxygen partition, and decarburization pattern for various lance 

practices, as shown in Fig. 4.9. The aim of the control scheme was ta 

control the decarburization rate, which would be critical in the first 

40\ of the blow, solely via the lance height. 

The results of implementing the off-gas analyzer and other process 

control equipment, such as the sonic meter (to be discussed later), 

weighing systems for materials, computer and communication systems are 

summarized in Fig. 4.10. Significant improvements in yield, lance life 

and vessel lining life have been obtained by this technique. 
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4.3.3.3 Fume Temperature 

The applications of fume tel~erature measurements as a dynamic control 

sensor have been documented by numerous investigators {51, 52, 53 1 • Different 

methods are employed for the measurement of the fume temperature, in 

most cases thermocouples are 

application of BOF control, 

considered adequate. For the specifie 

the aim is to obtain a reliable and 

reproducible measurement. Accuracy of the measurement is of a lesser 

concern. 

The choice of the optimum measuring point is a critical problem. To 

minimize the time lag, the measurement must be performed as near as 

possible to the vessel mouth. On the other hand, a good agreement 

between the temperature and decarburization rate is only obtained if 

CO combustion i s complete. It is also necessary to maintain the 

thermocouple relatively free of dust. 

An excellent correlation between the gas temperature and the 

decarburization rate calculated fr.om the off-gas analyzer appears in 

Fig. 4.11 for a 170 ton vessel, note the time lag of 15 seconds between 

the two measurements. The short response time of the fume temperature 

signal makes it an ideal dynamic control sensor. The fume temperature 

is u~ed to control the initial rate of decarburization; the control 

scheme imposes on the oxygen flow rate a value su ch that the fume 

temperature will follow a linear increase of predetermined slope a, 

shown in Fig. 4.12. The slope has been chosen in order to allow 

continuous lime dissolution without exaggerated slag oxidation. When 

the maximum desired decarburization rate has been reached, the 
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control 1er maintains a constant value unt!l 85% of the total oxygen has 

beeu blown. From that moment the oxygen flow rate remains constant 

until the end of the blow. The results obta!ned by the CRM model are 

shown in Table 4.4. 

Decorbunzollon rote 
(kg C/mm) 
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Fig. 4. Il Evolution of the off-gas temperature and of the 
decarburizat~on rate as determined from off-gas 
analyzers[53 1 • 
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Fig. 4.12 Decarburization model showing th~ trajectory of the rate 
of decarburization l531 . 

Table 4.~ End-Point Control Results for Static C~arge Madel and a 
Dynamic Control Scheme Using Fume Temperature 
Measurements[531. 

Control Turndown Temperature End-Point 
Carbon 

Scheme oc lO-3%C 

Static ± 15.5 ± 22.9 

Dynamic ± 12.8 ± 14.5 

+ 
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4.3.3.4 Aeoustie Analysis 

AcousLic analysis of the sounds emitted from the BOF is not a novel 

concept. Early in the developm,,--nt of the BOF process, operators 

[requenLly determined the car)', break-point by noting a discernible 

decrease in the noise lev, ,nanating from the vesse!. Furthermore, 

l<lardinq analyzed lI.· 101se originating from within a Bessemer 

converLer in 1950 1'1
1 ALthough he obtained interesting results, the 

sub ject was Il· 1 pursued. CRM has worked extensi vely on noise 

meaSUrernGIll _, 1,0 control the trajectory of the decarburization 

ratel"'.··· This E::ffort has culminated in the patenting and world wide 

salet, -.) [ the Sonie Mater. The success of the sonic meter as a BOF 

Corl~ rol sensor is clearly indicated by its acceptance in numerous steel 

!-' Lmts. 

The sonic meter consists of three distinct elements: a water cooled 

probe, a condenser microphone of a cylindrical shape that is fitted 

into Ule probe, and an electronic unit for amplification, filtering and 

recording of the sound intensity in the selected frequency band. The 

distance between th3 microphone and the electronics can be as long as 

120m, hence, the unit ran be Iocated in a clean room. Positioning of 

the water cooled probe depends on the dust loading in the clearance 

between the hood and the vessel. Figure 4.13 presents the positions 

previously tested in different steel shops; position two is preferred 

because of reduced maintenance and health risks. 
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Fumes ex/ractlon hood 

1 

Fig. 4.13 Previous testing locc::tions of the sonic meterlS21. 

Frequency analysis of the noise was performed to determine the 

appropriate frequencies to consider. Figures 4.14 and 4.15 show the 

frequency spectra in a relative amplitude scale during the refining 

process. Curve a in Fig. 4.14 is representative of the beginning of 

the blow (no foam present) whereas curve b belongs to a foaming period 

during the same heat. Nilles and Holper l531 reported that these spectra 

show very clearly the foam modulation effect between 100 and 250 Hz. 

Frequency analysis also permitted the investigators to detect and, 

later, filter out the effect of other contributions to the spectrum. 
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For example, consider curve c in Fig. 4.15, note the peak at "'400Hz 

that was attributed to an engine. In the low frequency range «100Hz), 

Ramelot and Claes l551 have qualitatively liflked the evolution of sound 

to the rate of decàrburization. The relationship can be expressed as: 

Sound Intensity = A-QCO + B-QC02 (4.8) 

where A and B are constant sand QCO and QC02 are the CO and CO2 

evolution rates, respectively. The first term represents a source of 

sound linked to the rate of CO evolution. While the second term 

represents the combustion of CO gas in the vessel. In normal practice, 

the investigators claim that the latter term is relatively weak. 
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Fig. 4.14 Noise spectra at two different moments during the bloW i55J • 
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Engine 
1 1 

Fig. 4.15 Appearance of background noises in the spectra during Lhe 
blow[551. 

Additions made during the blow (in partieular iron ore and lime) 

generally create a significant modification in the intensity of the 

sound. The magnitude of the modification is direetly related to the 

effect of the addition on the decarburization rate. In a similar 

manner, changes in the blowi ng practice, sueh as lance height and 

oxygen flow rate, greatly modify the sound emissions during the blow. 

A typical sound intensity-time trace for a 150-tonne OBM steelmaking 

vessel at Forges de Thy-Marcinelle et Monceau(56) is shawn in Fig. 4.16. 



n 

Page -4.40-

o 5 10 IS 

TIME, MIN 

Fig. 4.16 Sound intensity-time trace during a typical blow(56). 

4.3.3.5 V~rational Analysis 

One of the earJiest reports on vibrational analysis of a steelmaking 

vessel was presented by Bardnheuer and Oberhauser(51
). The vibration 

analysis was also done in conjunction with acoustic analysis on a 40 

tonne LD-AC vessel. The vibration sensor was a piezoelectric 

accelerometer that had a maximum operating terr,perature of 400°C, 

however, aclual operating temperatures rarely exceeded 260 OC. The 

accelerometer was attached onto the trunnion ring as shown in Fig. 

4.17, both horizontal and vertical vibrations were tested. The results 

indicated that the horizontal component of the vibration was not of 

interest. Hence, their vibration analysis concentrated on the vertical 

component. The vibrational frequency band that was found to be of 

interest ranged from 1080-1100 Hz. Figures 4.18 and 4.19 show the 
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relative lntensity of the frequcncies 1080Hz and 1100Hz, respectively. 

In addition to the vibratj on intensity, lance height is also shown. 

As can be seen there is a quali tative correlation between the vibL-ation 

intensity and the lance height, albeit weak. For unknown reasons, the 

investigators did not continue ta develop either the vibrational or 

acoustical analysis. 
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Schematic showing the vibration analysis system attached 
to a BOF vessel [57) • 
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Fig. 4.18 Vertical vibrations of a 40 tonne BOF, showing both the 
overall vibLation intensity and the intensity of the 1100 
Hz frequency[ 57 1. 

Fig. 4.19 Vertical vibrations of a 40 tonne BOF, showing both the 
overall vibration intensity and the intensity of the 1080 
Hz frequency[57). 

• 
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Grenfell et al (581 reported on the application of continuous vessel 

weighiiig in 1977. Although this appl ication was not, at first, 

directly related to vibrational analysis, the results obtained during 

their investigation are worthwhile reporting here. Grenfell reported 

that BSC had attempted continuous vessel weighing as ea~ly as 1970 at 

BSC's Llanwern plant. 

In response to the success at Llanwern, BSC had decided to install 

continuous vessel weighing at Ravp.nscraig during the installat ion a new 

No. 3 BOF shop. As a result of the experience gained at Llanwern, only 

four weighing transducers were required per pedestal. Asidc from "orne 

initial problems associated with the driving mechanisms, BSC obtained 

a good standard of static weighbridge accuracy. This, Grenfell noted, 

was not to be considered as a replacement for similar weighing systems 

used at the hot metal and scrap preparation stations, but as a double 

check. The double check serves two purposesi the first purpose is to 

correct the inputs in the static charge model and, secondly, to avoid 

posteriori adjustments that are based on incorrect charge inputs. 

The vessel weighing equipment generated three dynamic traces during 

a BOF blow; an in-blow weigh change trace, a rate of weight change 

trace and an activity trace (Fig. 4.20). The activity trace was 

described by Grenfell as a measure of the vessel vibration and the 

kinetic energy dissipated by the CO gas as it passes through the slag 

layer. The general shape of the activity trace closely follows that 

of the rate of decarburization. Through expe:ience, the ESC operators 
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were ~ble ta eharacterize the heat in progress and, if required, take 

~ppropriate aelion. 
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Fig. 4.20 Dynamic traces generated by the continuous weighing 
system(5B] . 

In addition to blowing control, the activity trace was used ta provide 

an indication of the end-point carbon. The technique was based on the 

[act lhat the vessel vibrations were directly related to the quantity 

of CO gas evolved. Furthermore, Grenfell states that the vibrations 

have been characterized as low frequency and e~ist within a narrow 

Lango. The BSC carbon end-point control scheme correlated the 
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magnitude of the activity trace at turndown, described as turndown 

activity, to the turndown carbon, as can be seen in Fig. 4.21. The 

results obtained w~th continuous vessel weighing system are summarized 

for carbon ranges O.04S%CSO.05 and O.055S%CSO.065 in Fig. 4.22(a) and 

4.22(b), respectively. 
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Fig. 4.21 Relationship between turndown carbon and turndown 
ac:.:.ivity[5BJ. 
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Fig. 4.22 Histograms showing predictive turndown carbon performance 
of vessel weighing equipment [58) • 

CRM has investigated the application of accelerometers to monitor 

vessel vibrations during OB1'1 and. BOF ste2lmaking[59,6o l . Although thAir 

investigations were not exhaustive, several interesting outcomes were 

presented. First, an excellent correlation was claimed between the 

vibra tion intensi ty of the vessel and the intensi ty of the nois€ 

emitted from the process. This may explain why the vibrational 

analysis did not receive as much attention. However, in the more 

recent reference of Jacobs et al(60), it was suggested that its 

application may be more appropriate with steelmaking operations that 

have an extremely quiet process. In this case, Jacobs et al report 

that the application of the accelcrometer to monitor the vibrations of 
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the oxygen lance is more appropriate. 

This application of the accelerometer was pioneered by Kawasaki 

Steel[61.621. The principle of lance vibration is based on the transfer 

of kinetic energy from the slag ta the lance due ta foaming. It was 

found that the foaming slag height can be estirnated from the magnitude 

of the vibration. Figure <1.23 shows the schemat ics of the lance 

vibration monitor. The lance, suspended with wires, could be displaced 

by the metal/slag emulsion that moved around in the vessel. Since the 

natural frequency of the lance itself is low, a piezoelectric 

accelerometer was select2d. Since the direction of the vibration is 

not constant during the blow, two accelerometers were arranged at 

right angles to each other and the composite acceleration was 

calculated. 

1 LH 

1 
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Lance helghl control Ler 

Oxyoen ttow rote controller 

Fig. 4.23 Schematic showing the application of two accelerometers 
for slag formation control on a 250 tonne BOF1 61 1. 
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Frequency analysis determined that the peak value is observed near the 

natural frequency of the lance, at O. 39Hz, and that the spectral 

intensity at any frequency increases with increasing foaming slag 

height, Fig. 4.24. rida et al [621 were able to correlate the intensity 

of the vibrations to the oxygen flow rate and lance 11eight Fig. 

4.25(a). The relationship can be expressed as: 

G = a FOI (S h - Lh ) + b 

acceleration of lance vibration [cm/s2 ] 

oxygen flow rate [NmJ/min] 
foamy slag height [ml 

where: G 
F'JI 

Sh 
Lh 

a&b 
lance height over the bath [ml 

= constants. 
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Fig. 4.24 Frequency spectrum of the composite lance vibration[62J. 
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The validity of Eq(4. 9) was verified on a 1/10 water model of a 250 

tonne vessel. Air was injected through a lance, with four holes, anto 

water containing foarning and viscosity agents. The results of the 

water model agreed closely with Eq (4.8), as can be seen in Fig. 

4.25 (b). To calculate the slag height in the actual vessel, rida et 

al transformed Eq(4.9) and added an additional term, Bh , ta account [or 

changes in the vessel bottarn: 

G - b + Lh + Bh 
a • F02 

(4.10 ) 

/ 
/ 

006 / 00 
/ 

0/ a 0 
/ / 

/ / 

004 / cP / 
/ 0 

/ 0 0/ 10 0 
0 10 

/0 / 002 / 1 
CJ 

1 

10 20 30 

F02 X (SH - LH ) X 102 Nrrr rn/min 

(a) 250t LD 

19 

c 
0 

0 .... 
.0 
> 
Cl) 

u 
c 
0 
~ -0 

c 
0 
..... 
0 .... 
Cl) 
--' 
Cl) 

u 
u 
<t 

006 

004 f-

002 

Vi scoslt y Ltl 

o 2 pOise t- 80mm 
~ 1 poise + 75mm 

o 

• 1 pOise - 5mrn / o / 

/ 
/o.oe / 

~')(o 0 ; 

/,.0 ;1 
1>< 0 0 

.0 / 

! 0)0. 0/ 

/ )l 1 
/ 0 

/ )( ,9/ 
/ .,p )(g; 

)()OX d 
0°/ 

5 10 
1 

15 

FOir X (Su -LH) X 103 l cm /mm 

(u) Madel test 
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l ida et al subsequently associated various slag heights wi th slag 

formation control, as shown in Fig. 4.26, and formulated appropriate 

responses. By implementing this control scheme, the blowing practice 

can be automatically modified, as shown in Fig. 4.27. The results 

obtained by the automatic blowing control scheme were excellent, as 

summarized in Fig. 4.28. 

SlopplllQ 

-, 
1 
1 

\ Momtoln U-i 6 Foz os progrom\ 

1 Toke up tance! 

Fig. ·1.26 Concept of the slag formation control scheme{62J. 
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Fig. 4.28 Improvement of blowing results at Kawasaki' s Mizushirna 
NO.2 BOF[62]. 
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KawaSilki Steel also applied the accelerometer ta measure furnace 

vibraLlons(63J. AlLhough 011nis11i et al l6J1 did not directly describe the 

application wllh any great detail, they did present sorne remarkable 

resul ts using the arcelerometer te control slag formation. 

Specifically, Ohnishi et al described a blow-end phosphorous control 

and estimation technique that employed primarily the accelerometer. 

They were able to correlate a specifie characteristic of the furnace 

vibratlon during blowing to the blow-end phosphorous content in the K­

BOP. 

'l'Ile furnace vibrations encountered dUJ:ing the blow were measured in the 

dxial di rect on of the trunnions, as shown in Fig. 4.29. The specifie 

characLeristic of the vibratlon signal, denoted as ~t, was defined as 

the difference between the time at the end of the blow and. the time at 

which the vibration signal falls below a specifie value, denoted as 

d ... , in the later half of the blow. A goad correlation was obtained 

between ~t and the blow-end phosphorous, as shawn in Fig. 4.30. In 

addition to blow-end phosphorous, Ohnishi et al also reported an 

excellent correlation between ~t and the total iron in the 51ag, 

('1'. Fe) , h'hieh itself was correlated to the oxygen content in the steel 

at blow-end (Fig. 4.31). 
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sr AR r OF DL OWI~lG BLOWING TIME ENO Œ OLOWING 

Fig. 4.29 Change of the vibrations of a l<-BOP furnace durinq the 
refining period(631. 
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Fig. '1.31 Relation between 6t and (T. Fe) in slag[63]. 

Given the degree to which Ohnishi et al was able to correlate blow-end 

pllosphorous, (T. Fe) and, indirect ly, the oxygen content of the steel 

dl end-roint, the author of this Lhesis proposes that Ohnishi was able 

lO di rectly cor relate t1t to the end-point carbon, at least for low 

carbon steels. The reason being that at low carbon contents the steel 

dpproactlGS lhe (:-0 equilibrium curve. 

• 



5. Application of the Accelerometer in M8tallurqy 

5 .1 Introduction 
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The accelerometer has seen limited use in metallurgical industries. The 

major application ta date has been in predictive and trouble shooting 

maintenance on plant machinery and, more specifically, has become an 

indispensable tool for the maintenance ot rotating equipment such as 

motors, pwnps, fans, and cable w~ndings. lts application is based on 

the presumption that a system functioning properly w~ll vlbrate 

differently than one experiencing such problems as alignment, bearing 

wear, et cetera. 

The application of the accelerometer is further advanced as a 

preventative and trouble-shooting maintenance tool by the analysis of 

i ts signal. The anal ysi s of the signal is often considered as the 

fingerpr~nt of the problem. ':'lant maintenance personnel match the 

fingerprint of the troubled lT,achine with a series of prints that 

exempllfy a particular problem. 

The impl ications of such a malntenance tool are enorrncus when one 

compares the relative cost of replé..cing a critical fan, and 

subsequently stopping production, and changing its bearings or 

performing a major alignment during a scheduled productlon stop. For 

example, if a steelr .. aking plant produced 150 tons/hour at an average 

sale price of S575./ton, the loss of revenue would be $86,250./hour. 

The relative cost of preventative maintenance and/or trouble shootlng 

would be the accelerometer and ancilla ry equipment (say $25,000. 

capital cast) depreciated over its life, plus the salary of the 
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maintenance personnel (say $25. /hour) . 

The accelerometer signal is often scanned and analyzed for a 

reproducible anomally that indirectly describes the state of the 

process. This is quite different from other sensors where an exact 

magnitude is desired, such as temperature. In this chapter several 

appllcations of the accelerometer in the steel industry are presented 

to the reader to provide insight into the usefulness of the 

accelerometer. The format of the d.escriptions is presented below. 

First, purely mechanical appllcations are presented followed by several 

applications which involve the mix~ng of solid-liquid-gas phases in 

~etallurgical vessels. The specifie application of the accelerometer 

as a BOF end point CO'1trol sensor is not described in this chapter, but 

is included in the chapter devoted to BOF process control (Chapter 4) . 

Finally, to conclude this chapter an application of the accelerometer 

in continuous casting is described. This application is both mechanical 

and metallurgical in nature, providing a natural conclusion to this 

chapter. 

• Mechanical Applications 
preventative maintenance 
down coilers 

• Multi-Phase Mixing Applications 
rimming steels 
ladle stlrring 
Wlre feedlng 
slag detection 

-
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J 5.2 Mechanical Applications 

5.2.1 Predictive Maintenance ProgrammEs 

Maintenance of an integrated steel plant can cost approximately 10 to 

15% of the total net sales. The cost, or budget, for plant maintenance 

can easily approach one billion for repairs and maintenance on existing 

facilities. Maintenance practices in the steel industry can be 

classified into three categorles: breakdown, preventative maintenance, 

and predlctive maintenance. 

Breakdown maintenance, in general, is the need ta perform repairs on 

damaged e~Jipment, it can be consldered as event-based. In its worst 

ca-::.e, the damaged equipment has failed catastro lJhica1ly and the 

productia~ 1ine must shut down. In these circumstances, the true cast 

is not just the repair, but also the cost associated with the 10ss of 

business. As a result it is considered the least desirable of the three 

maintenance categories. 

Preventat.ive maintenance is line-based; inspections or repairs are 

performed or adjustments and parts are changed on a regular basis. ln 

sorne cases machlnes are even dlsmantled and inspected at an appropriate 

time. In other cases, parts are changed after è. speclfic periad of 

time, regardless of their condition. The objective of preventative 

maintenance is ta avold the occurrence of a ~)reakdown. The main 

disadvantage is that equipment can be dismantled unnecessarily when 

there ls nothing wrong, or worse, fail saon after as a result of poor 

workmanship durlng reassembly. In addl" lon, parts can be replaced long 

before their servlceable li fe ends, thus unnecessari 11' inc reasing 
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~ operating costs. 

P redict ive maintenance i5 condition ba5ed. Parts are replaced or 

repaired only when their condltion indicates the need. Through various 

techniques the condition of an item of equipment i5 munitored and, as 

its condltion deteriorates, plans are made to rectlfy the situation, 

i.e. replacement, adjustment, etc .. Predictive maintenance offers the 

same a1vantages as preventative maintenance but without the need for 

unnecessary replacements or overhauls. 

Several techniques are available to monitor the condition of a piece 

of equipment. For example, magnaflux testing of a crane hook can detect 

the presence of small cracks; an analysis of the lubrlcating oil in a 

large gear box can detect gear wear. However, for the numerous rotating 

machinery in the steel plant, such as pumps, fans, generators, and 

motors, nothing provides more lnslght into the condition of the machine 

than vlbration slgnature analysis. By measuring the vibration of the 

machine and its various components and comparlng them to previous 

meas1.lrements, deteriorating t!:'~nds can be noted and repairs made before 

the vibrations reach catastrophic levels. 

A typical predictive maintenance strategy is a mix of two extremes. On 

one hand, the program is based on manual data collection and analysis 

that requlres portable equipment. On the other hand, the program calls 

for automatic data collection, with dedicatea sensors mounted on each 

critical machine and permanently linked to the central system for 

analysls. Bethlehem Steel developed a dynamic predictive maintenance 
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system that was based on the measurement of the machine's condition 

under load, by unskilled operators, and on an automated analysis 

system(64]. Under normal condl.tions, the results of the analysis were 

made avai~able the following day. 

8lASTFCE,DSTOVEFAHl IDI • 6805 HORIZ PLAHE 
IpS .................................................................... 

• 1 

• el 

9 

ips 

(SMOOTH RUNNING) 

SBBe IBeee 

8LASTFCE,BSTOUEFAH2 

Iseas 
rpm 

2eeee 

JDI • 6Bl1 

BS/2Sl'82 

• i 

25009 3B809 

HORIZ PLAUE 
......................................................... 

• 1 
1 QSI'25/B2 

.gl_~~~~,u~L+~~~~~~~~-r'-~~~-11~~,~lr,.~'~'~l, 
9 sooa IOBee 15eeB 

rpm 

2Booe 2500e 30009 

5.1 Comparison of vibration signatures for ldentical fans, one 
runnl.ng smoothly and one W1. th a bad bearing(64] 

The vibration signature is essentl.ally a Fourier transformation showing 

the vibrational amplitude and the frequencl.es at which the vibrations 

occur. The comparison of the current signature W1.th previous signatures 

completes the analysis. Dependl.ng on the type of machine the analysl.s 

can detect such problems as imbalance, bad bearl.ngs, misal1.gnment etc .. 

An example is presented in F1.g. 5.1. 
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5.2.2 Accelerometer Application in a Down Coilar 

Quali t Y of the coiled product of the hot strip mill is strongly 

influenced by the effectiveness of the wrapper rolls in forming the 

coil at the lnitial stage of winding. Conventional wrapper rolls, 

energized by an air cylinder, do not press the strip onto the mandrel 

for a considerable portion of the init~al winding period; impact loads 

occurring when the stepped portion of the coil passes under the wrapper 

rolls causing the wrapper rolls to bounce, Fig. 5.2. As a result of the 

bouncing, several strip defect s, su ch as slippage, telescoping and 

nicking marks, are generated because of the rapid acceleration and 

deceleration of the mandrel. 

A new coiler, designed by Nippon ~teel Corp. and Ishikawajima-Harima 

Heavy Industrles Co., was developed to minimize the bouncing of the 

wrapper rolls(6<1. Each wrapper roll is controlled by an 

electro-hydraulic servo-sys~em that activates a hydraulic cylinder, by 

applying appropriate pressure to the strip and by changing its position 

in response to control commands. Accelerometers are an integral 

component of the system. 
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Strip overlying the leading edge makes a stepped portion 
in coil surface(65). 

Two accelerometers are employed, one is located on the neck of the 

bottom pinch roll, the other at the No. 4 wrapper roll section. Figure 

5.3 schematically presents the wrapper ~oll control system. The first 

accelerometer 1s used to detect the entry of the strips into the pinch 

roll. As shown in Fig. 5.4, the acceieronL2ter signal increases 

dramatically as the strip enters between the two pinch rolls. A pulse 

generator, attached ta the bottom pinch roll, is used to predict the 

entry of the strip into the wrapper. The second accelerometer is used 

to detect the position of the head end of the strip with respect to the 

number four wrapper roll. After that, tracking of the head end is 

facilitated by a pulse generator attached to the mandrel of the down 

coiler. 
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When the number of pulses corresponds to the angle between the No. 4 

and the No. 1 wrapper. The electro-hydraulic servo system retracts the 

wrapper roll away from the mandrel whenever the stepped portion passes 

between the wrapper roll and the mandrel. ~he control action minimizes 

damage to the wrapper rolls, its mechanical system and ta the strip 

itself. A prediction pulse is also made for each of the four wrapper 

rolls. An example of the wrapper roll control is shawn in Fig. 5.5. 

This control technique is applied ta all wrapper rolls in the down 

coilers. 

Fig. 5.5 
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Wrapper roll withdraws in position control mode, then 
presses strip onto the mandrel in force control mode (65 ). 



5.3 Multi-Phase Mixinq Applications 

5.3.1 Introduction 
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The applicaticn of the accelerometer in multi-phase mixing 

studies ~s faCllitated by the inherent solid-liquid-gas interactions 

WhlCh cause the metallurgical vessel (ie. furnace, ladle, ingc..t) to 

vibrate during the process. Thus, by monitoring the vessel vibrations 

with an accelerometer, the status of these interactions can be related 

ta the process. 

In 1974, Destate et al reported the earliest application of an 

accelerometer as a mixing sensor[66 1 • Their application focussed on 

rimming steels and the l'1tensity of the rimming action in an ingot mold 

during solidification. In a later application, the accelerometer was 

used to det.Ermlne, emplrlcally, the mixing power of ladle stirring 

gases. The appllcation was generalized by Mucciardi et al [67,68J as the 

mlxing power of inert g3s injection. The same research group employed 

the accelerometer dun.ng the wire feeding of volatile reagents into hot 

Metal. The performanc8 of the wire feeding process was evaluated, in 

part, by the accelerometer slgnal. The accelerometer w~s also applied 

as a slag carryover detector by the British Steel Corporation in 1983. 

5.3.2 Rimming Steels 

During the soljdification of steel, the solubility of 'Jases dissolved 

ln the steel decreases and the excess gases are expelled from the 

metal. Of speclfic lnterest is the chemical equilibrium between carbon 

and oxygen. As the temperature of the steel decreases, these two 

elements react ta form carbon monoxide while the system attempts to 
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1 attain a new equilibrium. The evolution of CO gas during solidification 

in an ingot mold is commonly called rimming and is observed as a 

boiling action. 

With the appropriate rimming action, the steel cast in the ingot mold 

is virtually free of voids or blow holes. This steel, once rolled, has 

an excellent sùrface and ductility quality and is referred to as a 

rimmed steel. Rimmed steel ~s usually tapped from the furnace with 

only a small quantity of deoxidizers in the ladle, virtually no 

addj t ions are made to the furnace pr~or to tapping. The a~m ~s to have 

a sufficl.ent oxygen level dl.ssolved in the .,teel and a teeming 

tempe rature ta g1\ e the desired rimml.ng action. Typically, the rimming 

action of the first ingot lS observed visually by an operator, who 

makes adjustments when necessary. Modifications may be in the form of 

adding deoxidizers or gas evolving materials to latter ingots. 

~,.,.~ fJ'~.Irl]~' •• 
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Measurement of the rimming action of rimmed steel using an 
accelerometer[66J. 
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Destate studied the acoustlC and vibrational phenomena associated with 

gas evolution from rimming steels in 1974 with the aim of improving the 

adjustments made by the operators. Furthermore, the study was able to 

assoclate speclfic character~stics of acoustic and vibrational signals 

to the lntenslty of the rimmlng action and indirectly to the quality 

of the rimmed steel. An example of the accelerometer attached to an 

ingot mold is shown in Fig. 5.6. 

5.3.3 Ladle Metallurgy 

Ladle metallurgy is a secondary step in the steelmaking process. Its 

purpose is to produce high quallty steel that satisfies stringent 

requirements relating to the surface, 

mechanlcal properties. To achieve 

the in+_ernal quality and the 

high quality steels, ladle 

metallurgy is used to control temperature, chemistry and cleanness of 

the steel. To a large extent, the effectiveness of a ladle metallurgy 

unit to perform these tasks depends on how weIl lt can homogenise the 

steel and remove solid oxide lnclusions from the steel. Typically, an 

inert gas 

submerged 

is e1.ther inJected 

lance. Regardless 

into a melt via a porous plug or a 

of the technique that is useâ, the 

injected gas lmpacts a "mix1.ng power" into the melt. ThlS pow -r input 

is taken to compr1.se both the potential and kinetic energies of the gas 

that are transferred to the liqUld steel upon injection. Mixing 

studles are often employed to determine the optimum conditions of the 

stirr1.ng practice, such as lnert gas flow rate and ladle geometry. 

It is a weIl established fact that mixing time is a function of mixing 

power inputs(69.70 J • Several obtrusive techniques have been developed to 
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measure the mixing times directly, typically employing a dye tracer. 

These techniques, however, are limlted in their applications and are 

most commonly used in conjunction with water mOdel studi~s. Thus, the 

development of a non-obtruslve sensor, capable of measuring the mixing 

power, can provide a technique of deducing mixing times in hot metal 

systems. 

Mucciardi et al(67,681 performed two extensive studies to determine the 

feasibility of correlating the mixing power input with the relative 

magnitude of the vibrations of the vessel as measured by an 

accelerometer mounted on the exterior ot the vessel. The lwo trials 

were conducted in separate systems, one in water, the other in molten 

lead. 

Mixing trials using water consisted of an elliptical water tank, 2201 

working volume, and a centrally located, inert, submerged lance, as 

shawn in Fig. 5.7. The accelerometer WJS attached directly underneath 

the center of the plexiglass tank. Trlal condltions evaluated various 

lance immersion depths (0.25, 0.5, and 0.75 of the lance depth), i~ert 

gas flowrates (4.6 - 30 l/min. tlTP) with a constant nozzlE diameter of 

50mm. Owing to the simpliclty of the system studled, mixing times 

during inert gas injection were measured directly via tracer dlspersion 

curves. 

Mixing time, as defined in this study, is the time requlred to achieve 

a dye concentration change equal to 90% of the total concentration 

change after injecting the dye. The tracer dye, green food colouring, 
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1 was injected into the gas stream and concentration was readily measured 

from a photocell. The application of the photocell is explained 

further .ln reference'68]. At the same time the tracer dye was being 

monitored, accelerometer readings were sampled at a nyquist rate of 12 

Hz for 3 durat.lon of two minutes. 

Fig. 5.7 
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..... ---- 934 

Exper.lmental configuration for water system. AlI dimensions 
are in cm. (A: accelerometer, P: photocell, and L: light 
source) 168] • 
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The water model study found that the mixing power input had a 

discernible effect on the vibration ~ntensity, defined in the study as 

the average slope of the ~ntegrated accelerometer signal. A distinct 

correlation between the accelerometer signal and the power input was 

found to prevail, a summary of the results i8 presented in Fig. 5.8. 
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In the second study, a molten metal system was used. The purpose of 

this study was to determine the degree of correlation between vibration 

1. ntensl ty and a number of physical parameters. The effect of varying 

gas flow rates, lance depth, and nozzle diameter WdS studied. The 

liquid metal system conslsted of a molten lead bath contained in an 

alumina cruclble which was set in an induction furnace. Nitrogen gas 

stirring was achieved by injection through a subml't"ged steel pipe. The 

accelerometer was mounted on one of the legs supporting the furnace. 

In a slmllar fashlon to the water model system, accelerometer readings 

were sampled at a rate of 12 Hz for a period of two minutes. 

The st udy revealed that the accelerometer was responsi ve ':0 changes in 

flow rate, lance depth, nozzle diameter and even bath temperature. An 

example of the effe:t of flow rate on the vibration intensity is shown 

in Fig. 5.9. Thus, the investigators concluded that the sens or was 

responding to the net power i~put. As was the case in the water model 

system the investigators were able to surnmarize their results in a 

correlatlon (Flg. 5.10) 

E = a Ace b (5.1) 

where E =mixlng power input (W/tonnes) 
Ace =slope of the integrated accelerometer signal 

a =a variable that lS a function of the system 
configuratlon and accelerometer sensitivity 

b =constant that lS not dependant on the system 
configuration or accelerometer position. 

(mV) 
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fig. 5.9 Slopes of the lntegrated accelerometer signal at 
various flC'w rates in molten lead system I61
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4 The investigators noted that the quantity "a" in Eq. (5.1) ia a 

function of the system conflguration, including such parameters as 

vessel shape, lance location and accelerometer position. For example 

the constant "a" was found to be 1.52 in the water model while in the 

lead system "a" was fo,'nd to be 149. Al though the exact relationship 

between the constant "a" and the parameters describing the system 

configuration was not mathematically quantified, the quantity "a" is 

constant for a specifie system configuration. Hence, the application 

of the accelerometer as a mixing sensor requires that each 

configuration be first calibrated to determine the quanti:y "a". 

Mixing time, as previously stated, is a function of the ~et power input 

as shown below. The magnitudes of the constants k anù n are subject 

to debate. 

where 't 

C 

= mixlng time (s) 
mixing power input (W) 

k & n = are constants 

(5.2) 

In one st udy by Asal et al l7l !, the magnitude of n was reported to vary 

between 0.23 and 0.45. To confirm their results, Mucciardi et al 

computed the magnltudes of k and n for the water model study. The 

mlxing t imes were t hen correlated wi th the vibrational intensi ty of the 

vessel. A summary of thelr results lS shown ln Fig. 5.11. 

-

i 

....J 



) . 

paq. -5.1g-

IOQr-------------------------------------_ 

80 

-I/'l 
Il! 60 
E 
'-v 
01 
c:: 40 .-
k 

~ 

2.0 

0 

0 H'" 0 25 

• H • 0 'JO 
• H = 0.75 

• <> • 

~, 

2 

'''-'-­'--.-­• 

3 4 

VIbratIon level 

5 

Fig. 5.11 Correlation between mixing time and the vibrational 
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In summary, the water model study indicated that: 

61.1 Ace-o. 56 (5.3) 

Equations (5.3) and (5.2) can be reduced to Equation (4) where n has 

a value of 0.35, as shown below: 

't = 70.8 ë 035 (5.4) 

The close agreement of the e~ponent, n, with those of other 

investigatcrs strongly suggests that the accelerometer can be employed 

to determine mlxing times. 
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Addition of Volatile Reagents in Ladle Metallurqy 

Ladle metallurgy -3.tions, as mentioned above, are used to achieve 

supRrior steel qualities. Chemistry control of the steel processed at 

the ladle station is vltal to achieve the required mechanical 

properties and cleanness of the steel. In addition to the final 

product, the chem1.stry "windows" to ensure the castability of the 

11.qu1.d steel at the cont1.nuous cast1.ng facilities are small and often 

di f ficul t to obta1.n. To assist steel producers, several additive 

systems have been dev2loped. Aside from bulk additions, the two major 

additive systems are submerged lance injection (ie. CAB, Scandinavian 

Lancers and Pelamag) and W1. re feed1.ng (ie. Vallourecl Affi val [721 and 

P fi zer: )3)). The latter processes rely on the feeding of steel sheathed 

reagents into molten steel, sorne of which are extremely volatile at 

steelmaking temperatures and, hence, pose a number of safety and 

environmental hazards. 

Although cons1.derable effort has been expended on the development of 

these processes, v1.rtually no effort has been directed to the control 

of systems that ensure safe and reliable use of these volatile 

reagents. In an attempt to ùevelop a magnesium wire feeding system, 

Mucclardl et al 167
) dlscovered that the accelerometet" can measure the 

relat1.ve degree of violence of a reagent during the process. 

Furthermore, they concluded that the characteristic of a safe, reliable 

Wlre f8edlng operation was the steady state release of its volatile 

consti l uent s, which was easlly detected by the vibration sensitive 

device. 
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o 
Time -

Erratic release of magnesium vapour during a magnesium wire 
feeding operation ,67J • 

To illustrate the use of the accelerometer, Mucciardi presented the 

re:3ults of two experiments. In the first experiment, a sheathed 

magnesium wire, 3.2mm in diameter, was fed into hot metal at 1400°C. 

The sheathed wire was fed vertically into 25 kg melts at velocities 

ranging from 0.5 to 3.0 cm/s. The results of the first experiment are 

presented in Fig. 5.12. The trace emanating from the bottom left hand 

corner of the graph was produced by a photocell that measured the light 

illuminat-,ing from the mel t 3'uface. The accelerometer slgnal emanates 

from the mlddle of the graph on the left hand side. The units from 

both sensors were intentio~ally omltted since they are speclfic to one 

test. It is clear that large bursts of llght cOlnclded wlth explosions 

of magnesium below the melt surface, this characteristlc lS revealed 

by the accelerometer as brlef, yet intense vlbrations. Mucciardi 

deemed this characteris~ic to be non-productive, and unsafe. 

_____________ ~~.tiil __________________ m. ________________________________________________ _ 
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Fig. 5.13 Predictable release of Mg vapour during a magnesiurn wire 
feeding operation :67) • 

In contrast, conslder the results of a modified Mg wire shown in Fig. 

5.13. Mucciardi concluded that the Mg was released at a relatively 

constant rate beneath the melt surface. Furthermore, they concluded 

t hat Mg vapour had the opport uni ty to dissolve or react prior to 

resurfaclng. This characterlstic was revealed by the absence of 

photocell activity. 

A simllar series of experiments were <.:onducted by the researchers using 

a calcium wire. The results obtained were in agreement with the 

magnesium wire feeding trials. These experiments led to the 

development of a novel volatile reagent wire feeding process. 

Throughout the development process, the accelerometer was used as a 

means of vlewing liquid gas lnteractions in molten metal. 
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5.3.5 Slag Detection 

The production of low-cost, high-quality steels demands the elimination 

of slag carryover from one metallurgical vessel to another. The 

tundish, an intermediate metallurgical vessel between the ladle and the 

mold, is limited in the quantity of slag it can handle. Operating 

practices aimed at minimizing the slag carryover call for the removal 

of a protective ceramic shroud from the steel stream and visual 

detection of the onset of slag carryover. As a consequence, the steel 

is exposed to an oxidizing atmosphere and the cleanness of the steel 

is jeopardized. To avoid this, s(~veral techniques have been dev8loped 

to detect the onset of slag carryover with a ceramic shroud in situ. 

A schematic of the ceramic shroud practice is shown in Fig. 5.14 ta 

compliment the discusslon which follows. 

SUDE __ ~ 
G~TE 

STEEL 
STREAM 

TUNDISH 

UJJLE 
NOZZLE 

lLZl STEEL 

rn SLAG 

Fig. ~.14 Application of the ceramic shroud during ladle teeming at 
the continuous casting machine; casting machine is not 
shown for clarity. 
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One technique, developed by British Steel Corp. (H), employed an 

accelerometer to detect the onset of slag ~arryover. The accelerometer 

in this application monitors che flow of llyuid through the ceramic 

shroud. Since the physical properties, namely density and viscosity, 

of steel and slag are significa~cly different, a marked change in the 

amplitude of the vibrat ions can be detected when the liquid in the tube 

changes from steel to slag, as can be seen in Fig 5.15. The system is 

comprised of an accelerometer mounted on the shrot:d manipulator al:m and 

an electronics unit which amplifies and filters the accelerometer 

signal. An alarm is triggered when the rate of change in the signal 

ampli tude exceeds a p.cedetermlned value. The system has been developed 

on a single strand slab casting machine and has been 100% successful 

during a 30 heat trial campaign. 

Changeover 
from steel 1 

to sla9 

Normal steel 
teemmg 

Fig. 5.15 Typical accelerometer signal as a slag detector. The signal 
shows a decrease in vibration in tre ladle-to-tundish shroud 
due to the changeover from steel to slag at the end of a 
cast [14] • 
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5.4 Continuous Casting 

Lubrication in the mold ri .ring continuous casting of ste::d is a 

critical component of the process. The effectiveness of the 

lubricating material, typically rapeseed oil or mold powder, is a key 

parameter in determining not only the quality, but also the 

productivity of the casting machine. Casting powders, also known as 

mold powders, are used in conjunction with submerged tundish-to-mold 

shrouds for the production of slabs and blooms. The mold powder is 

manually or mechanically placed on top of the steel surface in a 

semi-continuous fashion. The p~wder, aside from other crucial 

characterist~cs, must be able to melt and forro a lubricating film 

between the solidifying steel skin and the mold walls. 

On the other hand, oil lubrication is typically vsed on billet casters. 

The oil is djspensed continuously from ports located at the top of the 

mold and is allowed to flow down the mold wall to the steel surface 

where it provides a lubricating film between the steel and the mold. 

Although the mechanisms for oil and powder lubrication are beyond the 

scope of this thesis, let it be simply stated that the effectiveness 

of the lubrication medium determines, to a large extent, the magnitude 

of the mechanical interaction between the moid and the solidifying 

steel shell. 

Centre de Recherches Metallurgiques (CRM) has developed and received 

a patent for an instrumentation package to measure the mechanical 

interdction, narnely friction, between the steel strand and the 

mold[15. 76I
, The in~trumentation, called the M. L. Tektor, employs an 
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accele:cometer to measure the instantaneous movements of the mold. 

Through an electronics package, the signal is processed to represent 

the frictional forces, or inversely to the lubrication process. 

The M. L. Tektor has been used as a production tool by numerous slab and 

bloom casters, its limited application on billet casters may be the 

resull of its prohibitive price tag. For normal casting conditions, 

i t has been used to determine the optimum casting speed for a 

particular mold powder. Likewise, two mold powders can be evaluated. 

Experience with the M. L. Tektor has led to the characterization of 

several responses of the sj gnal. For example, the detection of a rapid 

increase in the signal to a higher yet non-detrimental level indicates 

an incorrect, or a non-conforming batch of mold powder (Fig. 5.16). 

Another example of detecting abnormal casting conditions with the 

accelero,r.eter is shown in Fig. 5.17. In this example the mold powder 

that "hardens" as -. result of absorption of other oxjdE's and exposure 

to an oxidizing atmosphere must be slagged from the mold. As a result, 

the mold powder viscosity invariably increases and, as a result, the 

friction between the mold and the strand also increases. After 

deslagging, the original properties of the mold powder return and the 

friction level is reduced. 
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Example of an increasing accelerometer signal as a result 
of non-conforming batch of mold powder(16). 
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Fig. 5.17 Example of an increasing accelerometer signal as a result 
of deterioration in the mold powder qualities(76). 



paq. -5.28-

A~ a final note to t~is discv~sion, it is appropriate to return our 

attention to mechanical applications of the accelerometer. CRM have 

also developed and pate~ted a ~imilar instrumentation package that is 

directed to thÇ"~ oscillating tables of cOlltinuous casting machines P~.161 • 

Specifically, it consists of a set of sjx sensors that are installed 

at various locaticns (Fig. 5.18) and employed to monitor the 

oscillation mechanism~. In a similar nature to predictive maintenance 

programs, the information is used to evaluate the alignment of the 

oscillating table, worn bearings, et cetera. As an example consider 

Fig. 5.19, when defective bearings were detected on the main 

transmission bearing of a long lever type osc~llator system. 

Fig. 5.18 Schematic of a slab casting machine showin~ the locations 
of accelerometers used by the M.O. Tektor[1 J. 
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Detection of wear at the main transmission bearing by the 
accelerometer[761. 

In concluding this chapter, the application of the accelerometer in the 

steel ir'dustry remains, for the most part, mechanical in nature. 

Furthermere, almost aIl of the applications are based on the relative 

response of the signal and are often used to detect the occurrence of 

anomaly on the basis of deviation from normal operating levels. This 

remains true for the current work employment of the accelerometer as 

an end point d0.tector during BOF steelmaking depends on its success to 

detect an anomaly during the process. 

i 
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6.1 Introduction 
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A description of the laboratory scale BOF vessel is presented in the 

first portion of this chapte",:,. The data acquisition and control 

systems that were usod in the low and high frequ~ncy simulaticns are 

detailed in subsequênt sections. 

THERMOCOUPLE 
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1 
THERMOCOUPLE 
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OXYGEN 
THERMOCOUPLE 
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WATER 
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INDUCTION 
FURNACE 

Fig. 6.1 Schema~ic of th~ laboratory vessel. 
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The laboratory-scale BOF vessel consisted of an induction furnace used 

to melt approximately 15 to 23 kg of pig iron (- 4~ C) in an alumina 

crucible. A water-cooled, copper, oxygen l~nce situated 2.0 to 3.5 cm 

above the mel t supplied "xygen at rates of 0.8 to 1.9 N 1/ s. The 

oxygen lance was of straight-bore design, the diameter being 1.5 mm. 

The accelerometer was pC3itioned at several locations on the structure 

of the induction furnace. The laboratory vessel can be seen in Fig. 

6.1. 

The induction furnace employed in the study was a Tocco Melt Master 

induction furnace. The furnace operated at 3000 Hz anè had a maximum 

power input of 150 KVA at 400 Volts. The internaI dié'm6ter of the coil 

was 38 cm and had 10 turns in a 30 cm length. During the course of the 

study the power supply of the induction furnace was replaced by another 

un~t w~th similar characteristics. Photographs of the induction 

furnace and its old contrcl panel are shown in Fig. 6.2. 

6.2.2 Oxyqen Lance 

The oxygf,n lance represents él cri tical c..omponent in the BOF process. 

For thls reason, considerable e:fo~t has been expended to develop a 

reliable oxygen lance for th(~ BOF simulations. previous work had 

determined that a consumable, non-cooled steel lance was not 

acc"!ptable I11 • As one might expect, t.he lance was consumed at a 
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substantial Iatp. and made it impossible tO maintain a constant lance 

height and oxygen impingement force on the bath. 
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Fig. 6.3 Initial design of a water-cooled, oxygen lance. 
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From chis experien~e, it w~s decided that a non-consumable lance ~as 

required to maintain blowing characteristics. From previous work, an 

initial water-cooled lance was designed to overcome this problem. As 

can be seen in Fig. 6.3, the design did not follow the èesign of 

conventio~dl BOF oxyg~n lances. 

Although trI:! operat~on of thb lance was successful for a limited 

number of simulations, the brazing that sealed the oxygen conduit to 

the nozzle orifice frequently failed. The main reason for fail~re was 

concluded to be the non-concentric design of the conduits, and the 

limited quantity of cooling water that could be supplied through the 

relâ.tively small copper tubes. Therefore, it ~as decided to design and 

build an oxygen lance which resernbled a BOF oxygen lance but avoided 

the rather complex fabricat~on of the nozzle. 

The second water-cooled oxygen lance, shown in Fig. 6.4, was fabricated 

from three concentric copper pipes; (1) a 6.35 mm (1/4 in) copper tube 

that delivered oxygen to the nozzle t~p, (2) a 19.05 mm (3/4) in copper 

pipe supplying water to the noz zle tip and (3) a 25.40 mm (1 ln) copper 

pipe forming the outer shell of the lance and servlng as the return 

condui t for the cooling water. ;~ater conduits were terminated by 

implementing annular surge tanks. The terminating conduit i s threaded 

to the surge tank while tr.o next inner pipe passing through the surge 

tank i9 sealed only at the exit of the surge tank. The latter pipe 

forms the outer shell of tue lance once it passes the surge tank. 
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Fig. 6.4 Oxygen lance schematic showing final design. 
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Fig. 6.5 Photograph of the inlet and outlet surge tanks of the 
water-cooled oxygen lance. 

The outer pipe, 25.4 mm (1 in) ~, i8 threaded to the n0271e while the 

water supply pipe, 19.05 mm (3/4 in) 4>, is not secured tü the nozzlei 

1ts h3ight 2bove the cold face of the nozzle is fixed by the location 

of the brazing at the top of the out let surge tdnk wlth respect to 

length of the inlet pipe. The oxygen pipe is pressed cnlO the nozzle 

stem and is soldered to ensure a water tight fit. The nozzle itself 

1s machined from a sol id copper bar, 41.28 mm (1.625 in) 4>. The hot 

face of the nozzle i8 curved to reduce the thickness of the copper at 

the outer edges. In addition, the cold face is curved providing 
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additional surface for heat transfer. A curved surface also reduces 

the risk of stagnant fluid flow and, consequently, nucleate boiling on 

the cold face. At the center portion of the nozzle, the copper stem, 

is cooled primarily by the cooling water and the oxygen gas. 

The total length of the nozzle was 50.8 mm (2.0 in), from nozzle tip 

to the threads. The height of the stem is 30.23 mm (1.19 in). The 

inner bore of the stem is 3.175 mm (0.125 in) in diameter and continues 

until just before the nozzle tip. Approximately 3.175 mm (0.125 in) 

from the nozzle tip, the final bore, measuring 1.5 mm (0.0591 in) in 

diameter starts. This final bore constitutes the nozzle's orifice. 

The water and oxygen connections in the vicinity of the lance employed 

stainless flexible hoses and double shut-off, quick connect/disconnect 

couplings at both ends. The flexible hoses were long enough to permit 

the use of ordinary hoses a safe distance away from the vessel. The 

cooling water in let was connected to an ordinary sink ta~ and its exit 

was placed into the bot tom of the sink. The oxygen hoses were 

connected in, series, to a solenoid valve and a commercial oxygen 

supply tank, complete with pres~~r~ ~P?ulator. 

The oxygen lance was held in position by means of an annular clamp 

suspended above the induction furnace. The height of the nozzle above 

the melt was adjusted prior to a simulation by slidi~g the lance body 

through the annular clamp. Once in th~ correct position above the 

melt, the clamp was tightened. 
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The average flow rate through the nozzle was determined experimentally 

by releasing a specifie volume of gas over a known period of time. The 

average flow rate was then determined. The flow rate was found to be 

a funetion of the back pressure of the oxygen tank. Parameters of the 

oxygen lance are discussed further in Chapter 7. 

6.3 Sensors and Relaya 

In the BOF simulations the data acquisition/control programs monitoxed 

three basic transducers; (1) thermocouples, (2) accelerorneter, and (3) 

photocell. The control aspect of the program was to simply open an 

oxygen valve at the st art of the experirnent. This section describes 

the sensors and the relays employed during the simulations, with the 

exception of the accelerorneter which was discussed in Chapter 3. 

Oxygen control consisted of a solenoid valve, an Aranco solid state 

relay, and a rnercury form C relay on the HP 3497A Digital/Analog 

Control (DAC) unit, a schematie drawing is presented in Fig. 6.6. A 

small power supply unit, 6 VDC - 500 mA, is connected to the solid 

state relay and the mercury form C relay in the DA~ unit. This wiring 

configuration was chosen because it isolates the high voltage from the 

DAC unit. When the mercury form C relay 1s activated it closes the 

small power supply circuit, which acti vates the solid state relay 

switch. Once activated, the AranC0 relay closes the solenoid valve 
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circuit, hence, turning on a red lamp (for safety purposes) and the 

solenoid valve. The soienoid valve is in the open position when the 

power is on, ailowing the oxygen flow to star~. At the end of the 

~xperiment the mercury form C relay is opened. This deactivates the 

sol id state Lelay switch and subsequentIy turns off the solenoid valve 

and the lamp. 

The thermocouple is used for temperature measurements and is one of the 

most common sensors in industry and science. Thermocouples are 

economical and rugged, they aiso have reasonably good long-term 

stability. As a result of their small s~ze, they respond quickly and 

are useful where a fast response in thermal gradients is important. 

They function over temperature ranges from cryogenies to let engine 

ex~austs and have reasonable linearity and accuracy. 

The thermocouple relies on the fact that the number of free electrons 

in a piece of metal depends both on temperature and composition. 

Hence, when two dissimilar metal are in isothermal contact they will 

exhibit a potential difference (thermal EMF) that is a repeatable 

function of temperature. Thls is known as the SEEBeCK effect. 

In the BOF simulations, the thermocouples monitored the temperature of 

the cooling water at the inlet surge tank, the nozzle tip and the 

outlet surge tank. T~e thermocouples, chromel-alumel, were cut to the 

appropriate length and the two wire leads were fused together. For the 

thermocouple at the nozz"Le tip, a small hole was drilled through the 

19.05 mm (3/4 in) copper pipe at the bottom. The thermocouple was held 
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in place simply by hooking it in the small hole. The exact locations 

of the other thermocouples in their respective surge tanks was not a 

concern. The other end of each thermocouple was passed through an 0-

ring coupling. The thermocouples and the O-rings can be seen in Fig. 

6.5. The two factors of linearizat:\.on and compensation were accounted 

for by using a linear regression, over the operating range of the 

thermocouples, and maintaining a fixed temperature at the reference 

junction. 

The photocell was employed to monitor the pyrotechnies of the 

simulations. The photocell was mounted weil above the bath and to the 

side to avoid direct contact with the co combustion flames. The 

photocell provides a voltage signal that is proportional to the 

intensity of the light. 

6.4 Data Acquisiti.on and Control 

6.4.1 Introduction 

The BOF slmulations were conducted under two types of data acquülition 

and cont rol programs, (1) l0W frequency and (2) high frequency. The 

prograrns differed only in the rnethods used to acquire data and control 

the o~ygen. The low frequency experiments were focused on obtaining 

a relationship bet ween the amplitude or the acceleroIT.eter and the 

steelmaking process itself. On the other hônd, the high frequency 

exper1rnents atternpted to discern the presence of specific vibrational 

frequencies that can be related to the process. 

• 
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In this section the two types of programs are described and, where 

appropriate, the modifications to the experimental procedure are nùted. 

6.4.2 Low i'requency 

The low frequency data acquisition and control program controlled the 

oxygen flow and monitored the accelerometer and thermocouples; the 

photocell was not employed in these experiments. The accelerorneter 

circuit was modified by applying a reference voltage across the 

differential signal from the accelerometer's signal conditioning 

circuit. By applying a known voltage the effects of noise were greatly 

reduced. In addition to the voltage, a resistor, 10 kil,. was used to 

"short" the signal to a voltaçe compatible with the thermocouples. 

The microprocessor environment consisted of an IBM PC (PC) compatible 

and HP 3497A Data Acquisition/Control (unit). The PC employed the 8086 

processor operating at 4.77 MHz and the Tecmar PC-Mate IEEE-488 

interface card; other aspects of the PC are described in Fig. 6. 7. The 

HP 3497A DAC unit ernployed the digital voltmeter (DVM) and the mercury 

form C relay actuator options. 

with the IEEE-488 interface, 

In addition, the DAC unit was equipped 

also known as the general purpose 

interface bus (GPIB). AlI data acquisitions and control actions were 

performed by the DAC unit under the request of the PC. The 

communications between the two units was facilitated by the GPIB 

lnterface card in the PC. 
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Fig. 6.7 Microprocessor environrnent during low frequency 
experiments. 
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The GPIB communicatlons bus was developed by Hewelt Packard (HP) and 

1s primarily used in the seientifie and laboratory fields. lt eonsists 

of 24 wires (8 of which are grounded) which allow data to be exehanged 

in a one byte seriaI, 8 bits parallel format amongst a maximum of 15 

devices at speeds of 1Mb/s with full handshaking. One of the 15 

devices is assigned as the active !Jus eontroller and is responsible for 

the coordination of the data transfers. The controller can assign 

itself and other devices as either "talkers" or "listeners", with the 

restriction that only one device ean talk at a time. 

The general concl9pt of the bus typically has a computer as the 

eontroller and various laboratory instrum 1ts conne~ted to the GPlB. 

The data transfer rate and control of the data transfers is rerformed 

by a three-wire handshake. The handshake technique p9rmits slow and 

high speed devices on the bus to eommunicate with each other at the 

speed of the slowest device. AlI devices must handshake when general 

GPIB commands are being sent, but only listcners handsh~ke wlth the 

talker for data transmission. Thi'3 allows for high speed t ransmlssion 

between faster deviees, even though there may be slower dGvices on the 

bus. 

Controller commands consist of bytes whose ~eanings are divided into 

four general categories according to the values of bits 5 and 6 of the 

data lines. When bits 5 and 6 of a GPIB command ar-e zero, the 

remaining [ive low-order b1.ts speeify various bus cO":UTlands. The 

remaining three groups are reserved for device addressing. Deviee 

addresses are typieally specified by DIP switches located on the 
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devices. 

The Tecmar IEEE-488 interface card provides the PC with complete access 

to the GPIB. The ~nterface card implements the Intel GPIB chip set 

compris~ng of a 8291a GPIB talker/ listener, a 8292 GPIB controller and 

two 8293 bus receivers. The board allows the host to act as either a 

bus controller or as an addressed taiker/listener. Tr.e interface card 

can either be 1/0 or memory mapped to t~e internaI bus of the PC. The 

application program, written in advanced basiG, incorporated support 

software supplied by Tecmar (with minor modifications) that provided 

the control of the GP " Tb,:;: program begins by presenting a check list 

of the sensors and relay!> accollU11ùdated during the experiment. Thû next 

stage of the program requests seme of the pertine.lt information 

required for the experiment such as the reference junction temperature, 

the duration of the blow, file names et cetera. 

The third stage of the program initializes the program itself, the 

Tecmar interface card, the GPIB, and the HP 3497A DAC unit. Once the 

initiall.zation has been completed and the control and data acquisition 

sequence has received a siqnal from the user, it enters a one minute 

delay loop. During this delay the oxygen is off, however, the program 

requests the DAC unlt to acquire and send data for the accelerometer 

and thermoc'Juples every second. The signals from the sensors are 

displayed to the user on the screen. The acquisition of the data 

during thls delay loop serves as a record of the background noise and 

initial conditlons. 



Page -6.17-

At the end of the one minute delay, the computer requests the DAC unit 

to close the normally-open mercury form C relay actuator. This causes 

the solenoid valve to open and a red safety lamp to be illuminated, 

ffidrking the start of the steelmakin~ process. The data acquisition 

sequence is modified to prov~de for five readings of the accelerometer 

and one reading of the thermocouples per second. The data acquisition 

continues in cyclical manncr. Once per second the screen is updated. 

When the looping has t~rminated the processor requests that the DAC 

unit to open the r2lay switch for the oxygen, hence closing the oxygen 

valve and ending the experiment. 

In a final stage the computer requests additional information and then 

writes the information obtained during the simulat~on inta the 

specified files. The data is subsequently used in other programs for 

analysis. 

6.4.3 H1gh Frequency 

Two independent microprocessors were employed to perform the high 

frequenc:' data acquisition and control of the BOF s~mulation 

experiments. One processor, HP85A, controlled the oxygen and mOOltored 

each of the following signals: (1) photocell directed at the mouth of 

the BOF vessel, (2) the cool~ng water thermocouple at the eX1C of the 

oxygen lance, and (3) the cooling water at the nozzle tip of tip of the 

oxygen lance at a frequency of ==1 Hz. The inlet temperature \-Jas 

determined to be relatively constant throughout the duration of a 

simulation and, for this reason, ~as not monitored. 
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A second processor was devoted entirely to the data acquisition and 

storage of the accelerometer signal on the floppy diskcttes at a 

typical rate of 1500 Hz for the entire blow. The components of the 

data acquisition consisted of a PC, an anal og/ digi tal Input/Output 

(1/0) system board, the accelerometer and conditioning circuitry and, 

naturally, software to integrate these components. The accelerometer 

signal conditioning circuit employed low-pass fil ter that attenuated 

electrical nOlse whose frequencies were above 2000 Hz. The 

acceler0meter circuit is shown in Fig. 6.8. The data acquisition 

system offers an inexpenslve, yet versatile technique of sampling the 

accelerometer signal at high speeds continuously, the only limit being 

the speed and capacity of the storage medium and the number of these 

devices available. For the configuration presented in Fig. 6.9 the 

maximum sampling rate for continuous monitoring is 3 kHz. 

The contlnuous sampling of the signal at high rates is made possible 

by several features of the Analog/Digital (A/D) IIO board. 

Specifically, these features are ar. on board microprocessor to 

facilltate the 1/0 functions, a programmable clock providing repetitive 

A/D data conver slons at a user defined frequency, and asynchronous 

Direct Memory Access (DMA) transfer of the A/D conversions between the 

board and the computer. Asynchronous requests transfer data while the 

CPU continu(~s to process the program code. The data acquisition IIO 

board was a DT-280S from Data Translation. 

1 
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Fig. 6.8 Accelerometer circuit used 1n tt~ high frequency 
experiments. 

The software essentially performs four main tasks; the first task is 

to request information concerning the operation of the 1/0 board, the 

storage of data, and the duration of the simulation. The second task 

prepares the 1/0 board with the required parameters and awaits for a 

signal to commence the analog to digital converSlons of the 

accelerometer signal. The third task is to control a clrcular data 

buffer which receives data from the riO board and sends data ta tta 

floppy disk drives for storage. 
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Once the A/D conversions beg1n under continuous DMA control the firs~ 

A/O conversion data 1s transferred from the board to the beginn1ng of 

the buffer. At this point ':he DMA controller automatically increments 

its pointer to the next place in the buffer. This is repeated until 

the end of the buffer at whicn time the pointers are initialized to the 

beginning of the buffer, hence, the term circular buffer. As was 

mentioned above, the data transfer is asynchronous, permitting the 

program to continue while the transfers are occurring. 
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Fig. 6.9 Microprocessor environment during low frequency 
exper1ments. 
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The program enters a wait state after initiating the A/D conversions 

until the first half of the of the buffer is filled. Fcllowing the 

wait state, the program then sirnply writes the first half of the buffer 

in an unforrnatted form to the disk drives while the DMA transfers 

continue in the second half of the buffer. Once the first half GE the 

buffer is written to a diskette the prograrn enters another wait state. 

The second wait state is terminated once the second half of the buffer 

is filled with A/D conversions. The program then writes the second 

half of the buffer to the disk drive while the first half of the buffer 

is being over-written with new A/D conversion values. 

The scheme is simply repeated until the end of the blow. An obvious 

limit to the scheme is the ratio between the time required to write one 

half of the buffer ta a diskette and the time required ta fill one half 

of the buffer, which, for successful operation, must be less than 

uni ty. Variables affecting this ratio are the disk access time, 

frequency of the A/D converSlons and the length of the buffer. The 

final task is to stop the DMA transfer requests. The accelerorneter 

data is subsequently analyzed at a later point in time. 

6.5 Experimental Procedure 

The first stage of the experirnental procedure, regardless of the type 

of data acquisltion and control program, consisted of preparing the 

charge for melting, mounting the water-cooled, oxygen lance well above 

the induction furnace and connecting the service lines, oxygen and 

water, for the lance. At this time the cooling water line was opened 

, 
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to provide a specifie flow rate, typieally 125 ml/s, and the melting 

sequence initiated. The duration of the melting and superheating 

period ranged from 1.5 to 2.5 hours, depending on the weight of the 

charge. During this time, the wiring for the sensors and relays was 

completed and verified. 

Onee the liquid bath reached the desired temperature, the accelerometer 

was mounted ante the furnace, as shown in Fig. 6.10. In addition, the 

bath was sampJPd and the oxygen lance was brought into the desired 

position above the liquid surface. These items were the final 

mechanlcal aspects of the procedure prior to the start of the blow. 

This mlnimized temperature affects on the accelerometer output signal 

and reduced the risk of having the lance nozzle blocked. The final 

task required was to initialize the computer programs and, after a 

brief delay, the oxygen flow was activated. 

The oxygen flow marked the true start of the BOF simulation. After the 

blow was completed, the oxygen lance was raised ancl the bath was 

sampled and a temperat ure taken. Typically, the bath had to be 

deoxidi zed by adding aluminum rod in order to obtain an adequate 

sample. The samples were subsequently analyzed by a LECO CS-240. 
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1 Chapter 7 

7. Resulta and Discussion 

7 .1 Introduction 

To determine the feasibility of the accelerometer as an end-point 

control sensor, two series of laboratory scale BOF simulations were 

perforrned. The first series of simulations were focused on obtaining 

a relationship between the amplitude of the accelerometer and the 

steelmaking process itself. Since one can think of vibrations as a 

var iation in acceleration and, therefore, in the accelerometer signal, 

the first series of simulations monitored the accelerometer signal at 

a low frequency. On the other hand, the second series of simulations 

attempted to discern the presence of specifie vihrational frequencies 

that can be related to the process. For this reason, the accelerometer 

signal was monitored at higher frequencies. 

As a final aspect of the research work, the feasibility of the 

accelerometer for various product mixes, essentially the carbon end­

points of the steel, was determined. This involveà terminating several 

high frequency BOF simulations prematurely in an attempt to elucidate 

the maximum carbon content of the steel when the accelerometer can 

detect the final change in the equation describing the rate of 

decarburlzation, the carbon content reference pOLr.t. 

In this chapter, a general overview of the operating pararneters of the 

simulations is presented, followed by the results of the low and high 

frequency simulations in subsequent sections. Concluding this chapter 

is a discussion on the carbon content reference po~nt. 

1 
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7.2 General 

More than twenty-five BOF simulations were conducted during the course 

of this research work. The performance of the water cooled oxygen 

lance proved to be excellent; the nozzle tip was replaced only once due 

to erosion of the orifice at the tip. In addition, the refractory 

system, a disposable alumina crucible, containing the liquid metal 

provided a safe environment. in which to conduct this type ùE work. An 

example of the steelmaking vessel, after a simulat j on, j s shown in Fig. 

7.1; note the abseuce of any metal penetration. 

Fig. 7.1 Condition of the steelmaking vessel, an aJumlna 
crucible, after a BOF simulation. 

, 
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i Although not all simulations were successful in producing steeL as a 

result of experimental difficulties, the majority of the simulations 

produced steel s wi th a carbon range of 2.1 to 0.01 % (wt). A s'..lmmary 

of the BOF simulations is presented in Table 7.1. The simulations are 

coded as A1-A4, B1-B10 and Cl-C6 representing those simulations 

performed under low frequency (A) and high frequency (B&C) i 

reconstruction of the furnace following the B series of simulations 

distingui_shes the two series. As can be seen, initial hot metal 

weight varied from 12.7 to 23.2 kg while the carbon content of the hot 

metal varied from 3.4 to 4.25 % (wt). The hot metal, referred to as 

Sorel Metal, was supplied by Quebec Iron and Titanium. Operational 

parameters of the cooling water were preset for all simulat:lons; a 

cooling water flow rate of 100 gis was typically employed. The height 

of the lance above the melt was determined priol ~o the start of the 

oxygen flow and varied between tests from 20 to 35 mm. 

As a result of the low volume-to-surface-area ratio of the laboratory 

scale BOF, additional energy was occasionally derived fcom the 

induction furnace. The power setting on the furnace control panels 

varied from 0 to 12 kVA. The need for additional energy sources 

complicated the application of a s1ag phase to absorb liquid oxides. 

However, previous work proved that the absence of a slag phase did not 

hinder ti.:. simulation. This maybe due to the relatively low quantity 

of other elements in Sorel Metal. 

1 



Table 7.2. Summary of BOF Simulation •• 

Test Te.t Date Hot Free Lanoe 1 Helghf l;:umace InH/aI Flnm Change Pressure 

Cod .. Meial l3o.srd Deplh !'.cava Power Carbon Carbon ln InitIal Fine! 

Welght Mf3rt Carbon Oxygen Oxygen 

(kq) (mm) (mm) 'mm) (KVA) C'Yo) (%) ('Yo) Catm) (alm) 

AIl Jun-"·1985 13.6 195 162 33 12 405 001 404 1524
1 

1204 

AI2 Jun-12-1985 13.6 187 
1 

167 20 10 404 001 403 1150 905 

A/3 Jun-13-1985 '4.6 200 177 23 12 4.14 001 413 898 6BO 

Al4 Jun-17-1985 132 200 165 35 12 425 003 422 660 442 

Bll Aug-20-1085 13.4 185 150 35 la 420 004 416 987 755 

BI2 Aug-21-1985 13.a 195 160 

1 

35 10 401 002 399 755 551 

BI3 Aug-21-1GB5 13 e 190 155 35 10 417 001 416 551 340 

8/4 Aug-27 -1985 12.7 200 170 30 10 413 003 4.10 395 204 

BIS Aug-27 -1985 15.9 175 140 35 10 4.13 2.09 2.04 ;'N/A ;'N/A 

B/6 !sep-oa-1985 184 155 120 35 10 4 C5 060 345 259 00 

BrT Isep-.w- U18!,; 141 180 145 35 0 340 001 339 148.3 125.9 

B/8 Sep-25-1985 ~4 3 190 155 35 10 414 0.03 4.12 125.2 100.7 

B/8 Sep-2a-19BS 136 195 160 35 la 397 002 3.95 101.7 697 

Bll0 Od-01-1985 134 200 165 35 10 399 001 398 54.1 323 

CIl Jan-29-1987 141 190 165 25 "NlA 400 l 01 299 1361 115.7 

C/2 J..,,-30-1987 227 220 195 25 "NlA 4 00 , 94 20a 1157 953 

c.'3 Feb-02-1987 23.2 220 195 25 "NlA 400 0.44 a 56 871 61 2 

Cl4 Feb-04-1987
1 

222 230 205 25 *NlA 400 005 a 95 a12 374 

CI5 F eb-05-1 987 218 235 210 25 "'NA 400 040 3.60 1446 115.7 

CI'6 Feb·Oe- 1 987 232 230 
1 

205 25 , NIA 400 004 
a 96_J_~50 878 

1 

B'own BIoY.1ng 

Change ln Oxygen Time 

Oxygen Volume 

(atm) lN-'l (s' 

320 1355 1200 

245 1038 960 

21 B 923 900 

21 8 923 R40 

231 981 780 

20.4 865 810 

21 1 B94 900 

19 1 808 720 

"NlA "NlA 634 

259 109a 720 

22.5 952 810 

245 i038 900 

320 1355 750 

218 923 720 

204 865 720 

204 B65 9aO 

25.9 1096 900 

238 1009 1298 

289 12;>6 1050 

272 1154 laBO 1 

Average 

Oxygen 

Flow Ame 

(N-Vs) 

1 13 

i 08 

1.03 

1 10 

126 

107 

099 

1 12 

"NlA 

1 Sol 

1 17 

1.15 

181 

128 

1.20 

090 

122 

078 

1 17 

107 

Oxygen 

PecarbortzatlJ 
Emclency 1 

i 
(%1 

379 

494 

570 

563 

53 1 

58.7 

59.2 

60.3 

"NlA 

543 

48.8 

530 

371 

54.0 

~4 

505 

703 

814 

598 

743 

t:;..._ .... ~ 

lU 
lit 
IQ 
ID 

1 ..., 
~ 
1 
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Table 7.2 ·.)xygen Jet Penetration During BOF Simulations. 
-

Te" Tee' Dai" AveraQa Average J"t Bath Average Jet 

Cod" Impulae P"nelratlon Deplh Penetration 

Faro.., Oepth Ratio 

(H) (mm) (mm) (Unlty) 

Nl Jun-11-1985 0.60 40.6 125 0.32 

N2 Jun-12-1985 0.56 46.6 133 0.35 

Na Jun-l 3-1 985 0.52 43.5 120 0.36 

N4 Jun-l 7 -1 985 0.58 33.8 120 0.32 

Bll Aug-20-1985 0.69 42.3 135 0.31 

BI2 Aug-2 1 -1985 0.56 38.1 125 0.30 

B/3 Aug-21-1985 0.50 36.2 130 0.28 

814 Aug-27 -1985 0.59 42.0 120 0.35 

B/5 Aug-27 - j 985 ""NIA *NlA 145 <NN/A 

BJe Sep-06-' 985 0.88 47.5 165 0.29 

BI7 Sep-20-1985 063 40.5 140 0.29 

B/8 Sep-25-1985 0.62 40.1 130 0.31 

[\ .. /9 Sep-26-1985 1.09 52.4 125 0.42 

Bll0 Oot-01-1985 0.71 42.8 120 0.36 

CIl Jan-29-1987 0.65 46.6 130 0.36 

C/2 Jan-30-1987 0.44 39.2 100 0.39 

C/3 Feb-02-1987 0.e6 47.0 100 0.47 

C/4 Feb-04-1987 035 35.5 90 0.39 

C/5 F eb-05-1987 0.63 45.9 85 0.54 

C/6 F eb-06-1987 056 43.5 90 0.48 

In general, the blowing time was predetermined and ranged from 12 to 

20 minutes. The average oxygen flow rate ranged from 0.8 to 1.5 N lis 

and the oxygen decarburizati8n efficiency ranged from 37 to 81%. 

Although metallic yield was not considered as an essantial aspect of 

the simulations, it was verified on occasion and found to be ~95%. In 

cal.culating the decarburization rate, a metallic yield of 100% was 

assumed. 

As was mentioned in Chapter 2, Shirma(24J developed a nomograph for 
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determining jet penetration depth in molten steel. Furthermore, they 

indicated that the nozzle bore design, straight-bore or converging-

diverging, did not affect the jet penetration depth. For this reason, 

the nomograph was used to verify the jet penetration depth obtained 

during the steelmaking simulations. However, as can be seen in Fig. 

2.33, the resolution of the nomograph is poor. To overcome this 

limitation, a relationship developed by Cheslak[77 J that agreed with the 

work of Shirma was used to calculate the jet penetrat ion. The 

relationship, shown below, is a function of the impulse force, the 

density of the liquid steel and the height of the lance above the melt. 

where a = jet penetration depth (m) 
k2 = constant (6.4) 
M impulse force (kg m sec-2

) 

"(1 specifie weight of steel (kg m- 2 sec-2 ) 

h lance height above the melt (m) 

(7. 1) 

The results of these calculations, shown in Table 7.2, indicates that 

the penetration depth of the oxygen jet ranged from 35.4 mm (1.396in) 

ta 52.4 mm (2.064 in). This corresponds to a ratio range of 0.28 ta 

.54 between the jet penetration depth and the bath depth. These values 

are in agreement with those observed by Rote [23J on l.ndustr ial BOF 

vessels. 

7.3 Low Frequency 

The low frequency simulations, described in Chapter 6, were the first 

simulations performed. The accelerometer signal W3S measured at low 

frequency with the objective of obtaining 3:1 amplitude-time 
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relationsr..p that follows the ideal rate of decarburization. In 

addition to the accelerometer signal, thermocouples monitoring the 

cooling water were also monitored. The results of these experiments 

are summarized in Tables 7.1-7.2 and are coded as Ail through A/4. 

The accelerometer signal and water cooling temperatures at t .e nozzle 

tip and outlet of the oxygen lance are shown in Figures 7.2 through to 

7.13 for each simulation. As was mentioned above, an analysis of the 

accelerometer signal was performed for each simulation. The analysis 

involved calculating the variance of small packets of data over the 

entire simulation. as shown below. 

a -c 

i-n(t+1)-1 

E X i -

i-tn 

i-n(t+1) -1 
1 L X j 

n i-tn 
n-l 

(7.2) 

where oF variance of the accelerometer signal over a specifie time 
span 

n = the number of accelerometer values in a specifie time span 
Xl~ individual accelerometer values from a specifie time span 
t = the start pointer, with respect to time, in the over'3.ll 

accelerometer data set 

The time pointer, t was incremented to m2.tch the rate of the 

acceleroemter acquisition at one second intervals. In addition, the 

size of the time span, determined by n, was set at 4 seconds or 20 data 

points. Bence, the analysis was performed in a procedure that is 

similar to the moving av~rage analysis. 

The vari~~ce-time relation, for each simulation, is shown in Figures 

7.14 to 7.17. Note that the units of the variance axis are 

intentionally omitted because the specifie accelerometer variance 

values were specifie to one simulation. 
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The typical accelerometer variance curve can be described as having 

three regions. The first regian exhibits a characteristic increase in 

variance, which can be explained by the fact that the rate of 

decarburization is also increasing. The second region, the middle 

portion, ha.s the characteristic of a significant, but consistent, 

variation cc.rresponding to a constant rate of decarburizatior:. The 

third region hQs the characteristic of a sharp decrease in the 

variation of the signal, as the rate of decarburization begins a rapid 

decay as the level of carbon falls below a critical value towards the 

end of the~ blow and the vibrations of the fur.nace decrease 

dramatically. 

As can seen by comparing the accelerometer variance-time curves to the 

ideal rate of decarburization shown in Fig. 2.31, these characteri stics 

follow the ic~al rate of decarburization. The most important change 

in decarburbation thé>t the accelerometer can detect is the final 

change in thl: rate of decarburiza.tion because i t pc0Vl des a carbon 

reference poi nt near the end of the simulation. One can see this 

anticipated decrease in the variation of the accelerometer signal in 

Figures 7.14 through to 7.17. 

One major dev:.ation from the ideal decarburization curve was found in 

several variance-time curves and was exhibited as a relatively large 

increase in the variance just before the final decay ln the 

accelerometer signal, as can be seen in Fig 7.14 and 7.15. However, 

this increase was not exhibited in simulations A/3 and A/4. This peak 

has been attr.lbuted to an over-oxidized, foaming slag that occurs just 

4 
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1 before the final decay point and supplies additional oxygen to the 

decarburization reaction and subsequently increases the volume of COQU 

produced. As a result, the steelmaking vessel vibrates more intensely, 

increasing the variance of the accelerometer signal. 

f 

A::: can be seen by reviewing these results, the temperature of the 

cooling water also follows the ideal decarburization path, but not with 

thE! saroe degree of reliabili ty. Because the cooling water flow rate 

1s constant during a particular simulation, the cool~ng water 

temperature is proportional to the thermal energy removed by the lance. 

The thermal energy is transferred to the lance by three menchanisms: 

(1) conduction, (2) convection and (3) radiation. As the amount of 

enE'rgy released from the steelmak1ng process changes, so does the 

energy trans ferred to the lance. Moreover, trG amount of energy 

relüased 1s largely determined by the decarbur."aztion rate, thus, 

explaining the relationship between the cooling water and the process. 

The differences between the outlet and nozzle tip temperatures can be 

explained by the following two statements: 

(1) Becuase the surge tank thermocouple provides an overall 
average temperature of the water whereas the thermocouple 
at the nozzle tip provides an indicat10n of the tGmperature 
of the cold water rushing across the cold face of the nozzle 
tip, the t'wo cooling water temperatures can be quite 
different. 

(2) Due ~o the erré'tic nature of metal/slag splashing, the 
proxinL' ty of the noz zle tip tc the bath, and th,: high rates 
of heat transfer associated with conduction, the variation 
in the temperature at the nozzle tip is invarlably higher 
than at the outlet surge tank. 

The advantage of the accelerometer over the thermocouples as a dynamic 

--.. ----------... ----------------------------------------------------------~ 
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j control sensor is its reliability. Consider the results of simulation 

A/3, Fig. 7.8-7.10 and Fig. 7.16, where the final decay in the 

• 

decarburization rate cannot be clearly distinguished in the 

thermocouple signaIs, however, it is readily senn in the accelerometer 

signal and, even more clearly, in the variance-time curve at 

approximately 600 seconds. Moreover, this explains the reluctance of 

steel producers to pursue the cooling water temperatures as a means to 

achieve dynamic control of the steelmaKing process. 

The accelerometer is also sensitive to the operating parameters of the 

simulation. The weight and carbon content of the metal, for a given 

oxygen flow rate and lance height, affect the time required to reach 

the cri tical carbon content. The oxygen flow rate and lance height can 

produce similar results. 

An additional effect of the oxygen flow rate and lance height 

parameters is the increase or decrease in the variations of the 

accelerometer readings after occurrence of the decay. The magnitude 

of the impact of the oxygen jet on the melt can be a s~urce of this 

post-decay variability of the accelerometer signal. This situation is 

evident in Figure 7.15 where the relatively high variaUon after 

detection of the decay was a result of the lance height parameter being 

reduced . 
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1 " 7 . 4 Hiqh Frequency 

l 
1 

General operating results of the high frequency simulations are 

summarized in Tables 7,1-7.2 and are coded as 8/1-B/10 3nd C/1-C/6. 

The "C" series of simulations were performed after the furnace was 

reconstructed in a new area, hence, explaining the difference in the 

test dates. Furthermore, the thermocouples for the water cooling and 

the photocell signaIs wele not retained for future reference in the "C" 

series. 

OperatioLally, the high frequency simulations were plagued with two 

notable problems. The most signif.i.cant was related to the data 

acquisition program resulting in the loss of the accelerometer data for 

simulations B/1-B/5. The cause of the data loss ~as identified as an 

unforeseen interaction between the data acquisition modules and the 

system status register of the central processing unit (CPU) that was 

affecting the data storage module. The second operating problem was 

damaged accelerometer cables that occurred durirg simulations B/7, B/8 

and B/10 as a resul t of liquid metal splashes. This problem was 

overcome by shielding the accelerometer cable wi thin a fibreglass 

sheath. For reasons described above, only simulations B/6 and B/9 are 

presented from the "B" series of simulations. 

In order to provide a continuation between the low and high frequency 

simulations, the high frequency simulations are first presented in a 

similar format. However, as a result of the enormous quantir.y of data 

points generated during each simulation, a rU'1ning average of the 

accelerometer signal is presented in li~u of the raw data, the running 
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average is shown below. 

where Xt = 
n = 
Xi = 
t ,.. 

i-n(t+l) -1 

Xe - 1 E Xi 
n i-tn 

(7. 3) 

mean of the accelerometer signal over a specifie time span 
the number of aceeleromcter values in a specifie time span 
individual accelerometer values from a specifie time span 
the start pointer, with respect to time, in the overall 
accelerometer data set 

Initially, the time pointer, t, was incremented by one half second and 

the specifie time span was kept at the equivalent of one second, as in 

the typieal running average procedure. However, to simplify the 

analysis, including the Fourier Fast Transform, it was declded to 

increment the time pointer by one second and mal.ntain the specifie time 

span, n, at the equivalent of one second. This modification was also 

employed in calculating the vari~nce-time curves (Eq. 7.2) and did not 

effect the results. 

The mean and variance of the accelerometer signal followed by the 

eooling water temperatures and the photoeell intensity are shown in 

Fig. 7.18 to 7.27 for simulations B/6 and B/9, while the mean and 

variance of the accelerometer signal for simu~ations Cil through C/6 

are shown in Fig. 7.28-7.39. As can be seen the slmllaritles between 

the low and high frequency simulations is excellent. 

The most notable exception, however, is the mean aecelerometer signal 

which is almost always flat. This is the result of the low-pass 

filter, described in Chapter 6, which essentially shorts the high and 

low sides of the signal. Although, when the "B" and "C" series are 
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compared, one can easily detect the drift in the accelerometer mean, 

especially in simulations C/2 and C/4. The other major exception is 

the abse Ice of a significant decrease in the accelerometer variance 

level towards the end of the oxygen blowing period for simulations B/6, 

Cil, C/2, and C/3. This aspect will be expanded upon further after the 

results of the frequency analysis are presented . 
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Fig. 7.39 Variation of the accelerometer signal during BOF simulation 
C/6. 
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7.4.1 Fourier Analyaia Technique 

Since vibrations can be considered as being either completely random 

or periodic, Fourier frequency analysis was perfor.med ,-,.1 the 

accelerometer signal for those simulations conducted under the high 

frequency configuration. ThlS involved transforming the signal from 

the time domain to the frequeney domain. Thus attempting to discern 

the presence of specifie vibrational frequencies that can be related 

to the steelmaking process. Owing ta the complexity of the 

transformation, Fourier analysis is explained belaw prior to describing 

the results of the simulations. 

The transformation into the frequency domain is greatly facilitated by 

the discrete Fast Fourier Transform (FFT) algorithm. The transform is 

essentially a means of interpolating a sum of trigonometric functions 

through "n" data points. The functions that appear in the Fourier 

expressions are lmaginary exponentials, but by Euler's formula these 

exponent~als are really just the SUffi of two trigonometric functions in 

disguise, as shown below. 

exp(ix) -cos (x) +i sin (x) (7 • 4) 

Consider that F= (fo, f H ••• , f n-1 ) is a data array that i5 obtained by 

sampling the acceleroffiE:ter signal at a fixed rate. The Fourier 

expansion of the array F i5 the linear combination of the imaginary 

exponentials as shown below. 

(7.5) 
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1 The f~m coefficients are uniquely determined by the requirement that 

Eq. (7.5) be satisfied for all values of k. Bncause the exponential 

fu~ctions are pair-wise orthogonal, the fAm's can be determined by 

using the inner product solution. In fact, it can be shown that the 

fAm/S are given by 

(7.6) 

The array fA:= (fAo, ... , fAn_l) is called the discrete Fourier transform 

of F. lts elements are determined according to Eq. (7.6). The 

inverse Fourier transform is the operation by which F is recovered 

from the coefficient array F' and is computed according to Eq. (7.5). 

Since the information can be passed back and forth between F and FA, 

it must be the case that the information content of the Fourler 

coefficients is the same as that of the original data. The 

following paragraphs address the way in which the frequency 

concentrations are determined. 

To begin, consider a single term from Eq. (7.4) and, using Eq. (7.5) , 

the mth term can be written as 

(271i) mJc ( ) ( ) 
f~ exp n -f; [cos ( 27t mk) +i sin ( 27t mk)] 

n n (7.7) 

If k is considered as an independent variable, then each of the 

trigonometric functions has a frequency of min in unlts ~f cycle per 

T 
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point. It would thus, appear that the mth term in Eq. 7.5 can be 

interpreted as the component of the data array of frequency min. This 

19 not quite correct because there will be a second term of the same 

frequency, narnely (n-m)th term. To see that this is indeed the case, 

observe that the (n-m) th terrn is given by 

• ( (2~j) (n-m) Je) • (1.E. -mlt) 
in-m exp -f_/IJ exp n 

(7.8) 

-f~-m [cos ( (21t) mk) -i sine (21t) mk)] 
n n 

Now, if the mth and (n-m) th terms are surnmed together, the resul t ls 

[f~+f~_mJ cos ( (21t) mk) + i [f~-f~_m] sin( (21tj mk) (7.9) 
n n 

This SUffi comprises the compete min frequency component of F. It 

contains the contributions from both the mth and (n-m) th elements of F·. 

However, it is often easier to associate the (n-m) th term wi th the 

negative Lrequency -rn/n, and rewrite fn-m as Lm. In that case Eq. (7.9) 

becomes 

(7.10) 

Notice that two exceptional terms, m=Q and m=n/2 in Eq. (7.5) can b~ 

written in simplified forms as follows 

(7.11) 
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1 and 

(7.12 ) 

Combining these two equations with Eq. (7.10) and (7.5), the Fourier 

expansion of F ean be written in the form 

+f~ +f~ (-l) k 

2 

(7.13 ) 

One significant property of a Fourier expansion is that if the data is 

purely real, sueh as the aecelerometer signal, then the speetrum 1 FAI2 

i5 syrnmetric. Thus, only the real portion of the expanslon is 

significant. As a final remark, con~ider combining Eq. 7.10 and Eq. 

7.5, the result represents the mean of the data packet. 
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7.4.2 Re8ulta of Frequency Analyaia 

Frequency analysis for this research work involved two distinct steps. 

In the first step, the major frequencies contributing ta the 

accelerometer signal were determined. While in the second step, the 

behaviour of these frequencies over time was ascertained, thus, 

elucidating any vibrational frequencies that were related ta the 

steelmaking process. The ma jar frequencies in the first step were 

determined by dividing the raw data into consecutive packets 

representing one second of the BOF simulation. Then the FFT was 

performed on each packet and the major frequencies were recorded. 

From this information, the major frequencies for the entire simulation 

were banded into united groups of frequencies, or band widths. In 

general, the n~lmber of band widths was l imited ta a maximum of eight. 

In the second step, the relative contribution of each major frequency 

band width was determined for every packet of data. Thus, the relative 

contribution of each major frequency band was determined as a function 

of oxygen olowlng time. To explain this process further, the first 

step for simulations B/9 and C/3 are presented below. 

The power spectrum, essentially the ampli~ude of each frequency raised 

ta the power of two, provldes a graphical forum that clearly identifies 

the major frequencies contributing ta the accelerometer signal at one 

particular instant of time. For the simulation B/9, three power 

spectrums are presented in Fig. 7.40-7.42, representing the alternating 

component (AC) of the accelerometer signal at 655, 2405 and 700s, 

respectlvely. Note that thp dlrect component (OC), or the mean, has 

• 

J 
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been removed from ail power spectrums; the DC component is typically 

represented by frequency 0 Hz. As can be seen in the spectrums, the 

major frequencies can be grouped into united band widths, such a3 46-50 

Hz and 65-70 Hz. In fact these two band widths are the major 

contributors to the AC component of the signal during this simulation. 

For the simulation C/3, eight power spectrums are presented in Fig. 

7.43-7.48, representing the AC component at 100s, 200s, 400s, ~OOS, 

800s,and 1000s, respectively. As can be seen, there is very little 

difference between each spectrum. The major frequency band widths 

selected for further analysis were lü-15Hz, 49-57Hz, 290-295Hz, 303-

311Hz, 356-370Hz and 403-414Hz. The most obvious difference between 

the power spectrums generated for the two simulations is the maximum 

frequency that is resolved; 750Hz versus 500Hz for simulations B/9 and 

C/3, r.espectively. 
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Fig. 7.40 The power spectrum of the accelerometer signal at 65 
seconds into simulation B/9. 
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7.41 The power spectrum of the accelerometer signal at 240 
seconds into simulation B/9. 
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Fig. 7.42 The power spectrum of the accelerometer signal at 700 
seconds into simulation B/9. 
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Fig. 7.43 The power spectrum of the accelerometer signal at 100 
seconds into simulation C/3 
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Fig. 7.44 The power spectrum of the accelerometer signal at 200 
seconds into simulation C/3. 
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Fig. 7.45 The power spectrum of the accelerometer signal at 400 
seconds into simulation C/3. 
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Fig. 7.46 The power spectrum of the accelerometer signal at 600 
seconds into simulatlon C/3. 
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Fig. 7.47 The power spectrum of the ac,::elerometer signal at 8llQ 
seconds into simulation C/3. 
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1 The sampling rate determines the highest frequency that can be 

resolved, typically this i5 one half of the sampling rate. As was 

f , 

mentioned ear lier, only the real portion of the spectrum is of 

interest. Sampling frequencies for the high frequency simulations are 

tabulated in Table 7.3. 

Table 7.3 Sampling Frequency of the Accelerometer During High 
Frequency Simulations. 

r.,.1 Code Te.IOftlo 8ampllng 
Frequenoy 

(Hz:) 

Bll Augusl 20, 1985 1500 
B/2 August 21 , 1 985 1500 
B/3 Auguet 21, 1 985 1500 
B/4 August 27, 1 985 1500 
BI6 Augullt 27, 1985 1500 
BI6 September e, 1985 1500 
BfT Septernber 20, 1985 1500 
B/8 Septernber 25,1985 HiOO 
B/9 Septernber 2 . .3, 1985 HiOO 
Bll0 Ootober 1 , 1985 1500 
CIl January 29,1985 500 
C/2 January 30, 1987 1000 
C/3 February 1, 1987 1000 
Cl4 Februeuy 4, 1987 1000 
Cf5 February 5, 1907 1000 
ete February e, 1987 1000 

Another major d~fference between these two s~mulations was that 

simulat:l.on C/3 had a higher concentration of high frequency vibrations 

in the spectrum. This characten.stic was repeated in every simulation 

conducted after a maJor reconstruction of the furnace, resulting ~n a 

change in the v~bration s~gnature of the furnace. The bolting of the 

---------------~.----------------------------------------------------
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furnace body to the reinforced cement floor was perhaps the ma jor 

factor in thE~ change. Although this aspect did not serve to reduce the 

validity of the results, it did increase the compiex~ty of the power 

spectrum. T~ continue with the analysis technlque, suffice it to say 

that the selection of the major frequencies was not 5traight forward 

in the C sim~lations. 

With the major frequency band widths selected, the second s~ep ln the 

analysis i5 performed. In this step, the SUffi of the power related to 

a specifie band wldth is divided by the total AC power for each data 

packet, t!:Jus, the AC power i5 normalized. The results of the sE'cond 

step for simulations B/9 and C/3 are presented Fig. 7.49-7.51. Note 

that the units of the normalized power are Unlty. The normali zed 

power-time curves for the remaining high frequency slmulatlons can be 

found in Appendix A. 

As can be seen by reviewing these figures, the normallzed power-tlme 

curves rarely follow their respective varlance-tlme curves [or the 

ent ire simulation. Furthermore, the absence of change in the 

accelerometer' s mean, or OC component, from one data packet ta another 

indicates that the accelerometer variance orlgir~ates ln the AC 

component of tbe slgnal. This leavE~s two posslblllties to é1ccount tor 

the changes in the signal' s variance. One pOSSlbllity 18 that the 

overall power of aU frequencies is reduced equally. Another 

possibility thé.t these two facts suqgests 1s tbat the [<'.le of the maJor 

frequencies mu~,t ,-J-'!crease or increase at the same tlme that the changes 

in the variance are detected. 
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An excellent example of the latter 15 found in Fig.49, where the major 

frequencies 15-20Hz, 46-50Hz, and 65-70Hz are shown as a funct~on of 

time during simulation B/9. Although the frequency band 15-20Hz is 

only of marginal interest during the initidl portion of the blow, the 

frequency band 46-50Hz is signlficant for the major portion of the 

blow. In stark contrast, the frequency band 65-70Hz became predominant 

in the f~naJ portion of the blow. Interestingly, the time at which the 

relative contr:l .. butions of the frequency bands changed dramatlcally 

corresponds weIl with the final decay of the variance-time curve ln 

Fig. 7.24. However, this pattern was not repeated in évery test. 

In simulation C/3, the low frequency bands played a less domlnant role 

in the accelerometer signais' AC component, as can be seen ln Flg. 7.50 

and 7.51. Interestingly, a high frequency band, 403-'1l4Hz, was 

predominant only at the beginning of the tese, lastlr:g only 20 seconds. 

Records state that the start of the oxygen blow was delayed by 

approximately 25 seconds, thus, indicating that this frequency may be 

related to the background noise that was predominant before the start 

of the simulat~on. This pattern was also found in slmulatlon B/6, 

although the frequency band was lower as can be seen ln Flg. 7 .. 52. 

This abj lit y to d,'tect "background nOJ.ses" can be used to .:.tttrlbute 

changes ~n the signal w~th noises occurring in the shop WhlCh can then 

be filtered out or the accelerometer signal. 
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Another interesting aspect of simulation C/3 is that the frequency band 

356-370Hz remained predominant throughout the entire blow, while the 

frequency band lü-15Hz made only a moderate contribution to the s~gnal. 

However, the frequency band 303-311Hz was becom~ng more predominant 

towards the end of the blow, but never became a major contributor to 

the signal. In reviewing the variance-time curve for slmu~ation C/3, 

one can see that the final decay in the var lance never occurred, hence, 

explaining thg dlfference ln the patterns between the8e two simulatlons 

presented above and also indicating the slgnificance of the carbon 

reference pOlnt. 

7.5 Carbon Reference Point 

The results presented ab ove clearly indicate that the accelerometer can 

follow the decarburization path both in terms of the variance-time 

curve and the normalized power-time curve. More importantly, lt can 

also detect the carbon refernce point at which the decarburi zat ion rate 

begins to decay at the end of the oxygen blow. The ca rbon eont ent 

value of this reference point determlnes wheth0r the accelerometer is 

applicable to a specifie steel shop or product mix produced; the 

product mix spec~fles the end-point carbon to a large degree. If the 

end-point carbon for a specifc product is above the carbon reference 

point, then, clearly, the accelerometer lS not applicable. In some 

circumstances, a steel shop will produce only one type of product and, 

therefore, imposing a limitation on trIe appllcation of the 

accelerometer. Thus, lt is important ta determine the carbon reference 

point that the accelerometer lS capable of detectlng. 
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1 As was mentioned earlier, several BOF simulations were interupted and 

the bath sampled to elucidate the carbon reference point. Figure 7.37 

shows the accelerometer variance-time curve for a BOF simulation 

stopped just after the decay point; the carbon level in the bath was 

0.40% C. This indicates that the carbon reference point was equal to 

or greater than 0.40% C because of oxidation occurring after the oxygen 

blow was stopped and before the bath was deoxldized and sampled. 

One interesting study on the carbon reference point was performed at 

the Technical Research Institute at the Yawata works of the Nippon 

Steel Corporatlon by Ichinoe et a1 118
). In this study, several 

relationships were developed that described the carbon reference point 

as a function of the oxygen b10wing rate and coefficients of the rate 

of decarburuation for the middle and final portion of the ideal 

deca:burlzatlon path; the coefficients were described as a function of 

the oxygen blowing rat 3. These relatlonships are summarlzed in Fig 

7.53 where the carbon reference point lS p10tted as a function of the 

oxygen b10wing rate. As can be seen, i t appears that the carbon 

reference point is greater than 0.52 %C and that it increases as the 

oxygen blowing rate increases. This latter characteristic was not 

revealed durlng the current research work, however, it is be1ieved that 

this charactenstlc may be due to the oxygen blowing conditions. 

Morever, the present author suggests that a varying carbon reference 

point ITlay be due to an o\'er-oxidized, foaming s1ag that increases the 

decarburization rate just before the decay, a common occurrence for 

higher oxygen flow rates. 
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Fig. 7.53 Relationship showing the carbon reference pOlnt as a 
function of the oxygen blowlng rate (After Ichinoe, i8

1). 

Other BOF simulations performed in this study indicated that 0.40 to 

0.44 %C appears to be the range over which one can clearly distlngulsh 

the decay in the accelerometer signal. Consider simulations B/6 (Fig. 

7.19), Cil (Fig. 7.29), C/2 (Fig. 7.31) and, in particular, C/3 (Fig. 

7.33) where their respective variance-time curves did not exhibit the 

final decay. The lowest carbon content measured without detection of 

the final decay was 0.44 %C in simulatlon C/3. This range for the 

carbon refernce point is slightly hlgher than the value reported by 

Kerns and Stelts l41l for off-gas analysls; lndicatlng that the 

accelerometer may have a better response time to changes in the 

steelmaking process. Furthermore, the difference between the carbon 
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reference points for the two type of sensors suggests that a time delay 

exists between the change in the decarburization rate and the detection 

of the carbon reference point. Of course, an end-point control sensor 

that reduces this time delay is preferential. 

Further development of the accelerometer as an end-point control sensor 

requires systematic development in a steelmaking shop to àetermine the 

value of this carbon reference point with greater statistical 

significance. Detection of the carbon reference point can be made by 

a combinat ion of the variance and frequency analysis techniques whereby 

frequency filtering would permit only those frequencies that described 

the steelmaking process to be present in the final version of the 

accelerometer signal. This final version of the signal woulà then be 

analyzed by the variance technique. Thus, by combining the frequency 

and variance analysis, shop noise would be virtually eliminated from 

the accelerometer signal used in an end-point control scheme. 

With the carbon reference point well established, correlation between 

turndown carbon and blowing t; me after detection of the reference 

point, (ôt), can be determined from historical data for varlOUS blowing 

conditions. This type of end-point control scheme for an accelerometer 

was first suggested by Ohnishi'63] for the control of end-point 

phosphorous and, as was mentioned by the author of this thesis in 

Chapter 4, indirectly for end-point carbon as well. 

--- . , ...... _-------------------------------~. 
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Chapter 8 

8. Summary and Conc~usions 

In an attempt to determlne the feasibility of the accelerometer as a 

carbon end-point control sensor for BOF steelmaking, two series of BOF 

simulations were conducted at McGi11 University. To perform these 

simulations, previous work by the author of this thesi s clear ly 

indicated the need for a non-consumable oxygen lance to maintain a 

constant jet penetration force on the metal bath. To overcome this 

prerequisite, a water cooled, copper oxygen lance was designed and 

fabricated. In addition, two experimental configurations were 

developed for the laboratory scale simulations. 

In the first experim~ntal configuration, the accelerometer signal was 

monitored at low frequencies in an attempt to obtain a relationship 

between the amplitude of the dccelerometer and the steelmaking process 

itself. In the second experimental configuratlon the accelerometer was 

sampled at high frequencies to discern the presence of specl fic 

vibrational frequencies that can be related to the process. 

The results of the two series of simulations clearly indicate that the 

accelerometer is able to follow the rate of decarburization during the 

blow. From these results, several simulations in the second series 

were terminated prematurely in an attempt to determine the carbon 

reference point, the point at which the decarbutization rate begins a 

rapid decay in the final portion of the oxygen blow. The carbon 

content of the bath at the time when the accelerometer can clearly 
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detect th~s change determines whether the accelerometer can be applied 

as a carbon end-point control sensor or not. 

From the present research work, the following conclusions can be drawn: 

1.) The alumina crucible as the steelmaking vessel prov~ded a safe 
environment in wnich the BOF simulations can be conducted. 

2.) The des~gn of the water cooled, copper oxygen lance proved to be 
excellent. A counter current 1tJater cooling design greatly 
lmproved the heat transfer at the noz zle tlp and reduced the 
ero~ion rate of the nozzle tip. 2urthermore, the design of the 
lance permltted oxygen jet penetration depths into the bath that 
are comparable ta lndustrlal BOFs. 

3.) Investlgatlons have shawn that the accelerometer produces a 
reliable signal that can be applied ta a simple end-point control 
scheme for oxygen steelrnaking. Such a scheme would invol ve the 
detectlon of a charactE:!ristic decline ln the variation of the 
transducer's signal; this decline represents the crit~cal carbon 
content reference point, at which value the rate equation 
descrlblng the bath changes. The carbon reference pOlnt has been 
determlned ta be O.40S ~c $ 0.44 at which tne accelerometer can 
clearly detect the decay in the decarburization rate. The time 
ta the end of a particular blow would be determined from a 
correlat~on of the time elapsed from the cr~tical carbon content 
reference po~nt (i. e. time ta turndown) and the t urndown carbon 
conU,mt. 

4.) The increase ln the ciecarburization rate :' st before the final 
decay ln the variance of the accelerometer signal can be 
attnbuted ta an over-oxidized, foamlr1g slag that provldes 
additlonal oxygen ta the decarbu~ization reaction and increase 
the vol ume of CO'JS produced. As a resu l t, the lntensl ty of the 
vl~rations measu~ed by the accelerometer lncreased. 

5. ) The 3.ccelerometer transducer appears (0 be more responsive to 
changes in the steelmaking process and, ln particular, can detect 
thf: final decay ln the rate of r"'!carburization earlier than 
systems that rely on off-gas an~lys}s. 

6.) The accc:lc:rometer var~ance-time curves provide an excellent forum 
t0 lnterprel 3.nd present the results from bath the low and high 
frequency slm~lations. The typicdl accelerometer varlance-time 
curve closely resembles the ideal rate of decarburization. 

j 
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7.) Background noises can be clearly identified by Fourlèr ,lnaly~ll~] 
of the accelerometer signal. This lnformation, ln t urn, ,'an LJL! 
used to develop filters to elimlnate the affect ot rOlse on the 
élccelerometer signal. This is a signlficant CidvCintaye ln dn 
industrial shop where numerous sources of nOlse eXlst. 

8. ) The vibrational characteristics of the furnace changed 
drastically after being reconstructed. Furthermore, 3S Ci result 
of the change, the power spectrum became more -..:ompl ex ,md 
predominant frequencies were considerably higher. 
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Test COd9: __ -=B./~6~_ Test Date: __ ~S~e~p~t==emb===e:r~6~,~1~9~8~5 __ 

Operatir}g Parameters: 

Hot Metal Weight: 18.4 kg Final Carbon: ù.\)ù 'wt 

Free Board: 155 mm Change in Carnon: 3 ·h wt 

Lance Depth: 120 mm Blown Oxygen Volume: 1096 Nol 

Height Above Melt: 35 mm Blowlng T~me: 720 " " 

Furna.:e Power: 10 kVA Oxygen F'low Rate: 1. '-'.> N·l /~, 

ACc!!lerorneter Signal Analysis: 

Sarrpllng Frequency: 1500 Hz 

DE'!cay in dC(aO Observed: Not ObsE. rveù 

TLme of Observation: NIA 

Major Frequency Bands Analyzed: 39-43Hz, ·17-S1Hz, G7-72Hz, 163-
1 67 Hz 1 l 7 2 - 1 7 6 Hl, ,1 n d ] Ij 1-

347Hz. 
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1 

i. 

Test Code: __ -=B~/~9~_ Test Date: __ ~S~e~p~t~emb~~~~r~2~6~(~1~9~B~5 

Operatinq Parameters: 

Hot Metal Weight: 13.6 kg Final Carbon: 0.02 ",wt 

Free Board: 195 mm Change in Carbon: 3.97 '~wt 

Lance Depth: 160 mm Blown Oxygen Volume: 1355 Nol 

Height Above Melt: 35 mm Blowing Time: 750 ~) 

Furnace Power: 10 kVA Oxygen Flow E3.te: l tl1 Nol /:.0 

Accelerometer Siqnal Analysis: 

Sarnpling Frequency: 1500 Hz 

Decay ln ac/aa Observed: Observed 

Time of Observation: 538s 

Major Frequency Bands Analyzed: 46-50 Hz, and 65-70 il~ 
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ex 1 F.-5) 

BOF SIMULATION 
SEPTEMBER 26, 1985 

N 

~,~~~~~~~I~~~'~'~I~II~I~I~I~i~I~'~i~i~I~I~'~I'~~ 

20 1- TIME OF FREQUENCY -

.---

ANALYSIS: 240s . 

MAJOR PEAK 
-
· 

< 12 ~ 
~ 

,-/ @ 4G-50Hz · -
· 

a:: 
w 
~ 8 ~ MINOR PEAK -

a.. ~ @ &S-70Hz : 

: t ~ .. ~ j . , , : ,:~ , : j ,: .. , , , , .. , ........ ,l, , .. , -
o 100 200 300 400 SOO &00 700 &00 

FREQUENCY (Hz) 

BOF SIMULATION 

(X 1 E-3) SEPTEMBER 26, 1985 

4 

3.6 

3 

N 
< 2.6 
ë!:. 
a: 2 
w 
~ 1.6 
~ 

1 

0.6 

0 

0 

TIME OF FREQUENCY 
ANALYSIS: 66s 

MAJOR PEAK 

~@48-60HZ 

• tt .1 •••• lt •• ~.~1 .~.~.~.~I_'~I~'~t~~~~~~~~ 

100 200 300 400 600 600 700 800 

FREQUENCY (Hz) 



(X 1e~) 

20 

18 

4 

BOF SIMUlA"'nONS 
SEPTEMBER 26, 1985 

Page -A. lll-

~.........,r-T""'I"""""""""" ____ "-. , i ' , , , l ' , , , , ' , , • ,.......,.,..,.---.......... -.-.--

TIME OF FREQUENCY 
ANAL YSIS: 7008 

MAJOR PEAK 

~-@e6-70HZ 

o 100 200 300 400 600 ~oo 700 800 

FREQUENCY (Hz) 



p,';ge -A. 17-

1 

FRECUENCY BAND 

0.8 66-70Hz 

0.6 

o 100 200 300 400 500 600 700 800 900 

1 
r--.--.-.......... ....,.. ......... ..,.......""f""T~""T"1-.-........ '"'"ï....-.." .... ~ • .,.i ... ·.....,.,....,' ..... ,,..,,~, ..... __ v ., i ' , • • i ....... ...-.-.--. 

0.8 

o.e 

C 0.4 

~ 
:J 
oC( 
:E a: o 
z 

0.2 

1 

0.8 

0.0 

0.4 

0.2 

o 100 200 300 

o 100 200 300 

400 

FREQllENCY BAND 

4&-60 Hz 

700 800 900 

FREQUENCY BAND 

16-20Hz 

400 600 BOO 700 8CX) 900 

TIME (s) 
KEV'N E. O'lEARY\BAN026-1.DRW 



• 
Pdge -1\.18-

1 

0.8 

0.8 

0.4 

FRECUENCY BAND 

425-430 Hz 

o.: t ............................ : ~ ;: . : :: : . ::'~: ... J 
1 -

o 100 200 300 400 ~'lO 600 700 &Xl QOO 

. • , • 
FRECUENCY BAND 

133-138Hz 

-

-

-

-

o -,----~----~,----~-----------.----------~--.-,--. -
o 100 200 

1 

0.8 

o.e 

0.4 

300 400 eoo 700 900 

FREQUENCY BAND 

74-78Hz 

900 

ni 

0.2 

O~~~~~~~~'_~_~~~~'4_~~k~ ________ ~ ___ e:~i._:1_:_:~.~ .. ~._e~!~J 
o 100 200 300 400 eoo 700 aoo 800 

TIME (8) 

• 
z 
a 

~ 
::l 
:2 -en 
I.L 
o 
ID 

KEVIN E. O'LEARY\BAN02e-2.0RW 



Page -A.19-

Test Code: __ ~C~/=l __ _ Test nate: __ ~J~a=n~u==a~r~y~2~9~,~1~9~8~7~_ 

Operatinq P ar a:met~ t;..!..:.. 

Hot Metal Weight: 14.1 kg Final Carbon: l. 01 %wt 

Free Board: 190 rrun Change in Carbon: 4.00 %wt 

Lance Depth: 165 rrun Blown Oxygen 'loJ ume: 865 Nol 

Helght Above Melt: 25 rrun Blowing Time: 720 s 

Furnace Power: 0 kVA Jxygen Flow Rate: 1.20 Nolis 

Accelerorneter Signal Aralysis: 

Sampling Frequency: 500 Hz 

Decay in ac/ao Observed: Not Observed 
Time of Observatlon: NIA 

Major Frequency Bands Analyzed: 22-26Hz, 77-81Hz, and 89-93Hz 
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Test Code: __ ~C~/~2~_ 

Operatinq Parameters: 

Hot Metal Weight: 22.7 kg 

Free Board: 220 mm 

Lance Depth: 195 mm 

Height Above MeIt: 25 mm 

Furnace Power: 0 kVA 

Accelerometer Signal Analysis: 

Sampling Frequency: 

Decay in de/ao Observed: 
Time of Observatlon: 

MaJor Frequency Bands Analyzed· 

f 
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Test Date: _~J:.::a:.:n.:..:u::.::a::.::r=-YL..-:3::..0:..., --=1:.::9:.::8:..:.7_ 

Final Carbon: 1. 94 %wt 

Change in Carbon: 4.00 %wt 

Blown Oxygen Volume: 865 Nol 

Blowing Time: 960 s 

Oxygen Flow Rate: 0.90 Nolis 

1000 Hz 

Not Observed 
NIA 

lO-15Hz, 285-3--Hz, 304-309Hz, 
325-355Hz, 345-355Hz, and 355-
365Hz 
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Test Code: __ ~C~/~3 __ _ 

Operatinq Parameters: 

Hot ME:!tal Weight: 23.2 kg 

Free Board: 220 mm 

Lanc,: Depth: 195 mm 

Height Above Melt: 25 mm 

Furnace Power: 0 kVA 

Acce1er~eter Signal Analysis: 

Samplir.g Frequency: 

Decay in aclao Observed: 

Time of Observation: 

Major Frequency Bands Analyzed: 

P age -A. 28-

Test Date: ____ ~F~eb~ru~a~r~yL_=2~,~1~9~9~7 __ 

Final Carbon: 0.44 'twt 

Change in Carbon: 4.00 'twt 

Blown Oxygen Volume: 1096 Nol 

Blowing Time: 900 s 

Oxygen Flow Rate: 1.22N o lLS 

1000 Hz 

Not Observed 

NIA 

lü-15Hz, 290-295Hz, 303-311Hz, 
356-370Hz, and 403-414Hz 
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JBOF SIMULAll0N 
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Test Code: __ ~C=/~4 __ _ Test Date: ____ ~F~eb~ru~a~r~yL_4~,_=1=9~8~7_ 

Operating P arameters : 

Hot Metal Weight: 22.2 kg Final Carbon: 0.05 'twt 

Free Board: 230 mm Change in Carbon: 4.00 'twt 

Lance Depth: 205 mm Blown Oxygen Volu~e: 1009 N-l 

Height Above Meit: 25 mm Blo\ving T~me: 1298 ':3 

~urnace Power: 0 kVA Oxygen Flow Rate: Ù. 78 [II-li:..> 

Accelerometer Signal Analysis: 

~ampiing ~requency: 1000 Hz 

Decay in de/ao Observed: Observed 

Time of Observation: 1077s 

Major Frequency Bands Analyzed: 12-16Hz, 28-32Hz, 33-37Hz, 38-
42Hz, 50-56Hz, and 57-66Hz 
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T~st Code: _.....;C=I'-=5~_ 

Operating Parameters: 

Hot Metal Weight: 21.8 kg 

Free Board: 235 nun 

Lance Depth: 210 mm 

Height Above Melt: 25 nun 

Furnace Power: 0 kVA 

Accelerometer Signal Analysis~ 

Sampling Freqnency: 

Decay in de/èJO Observed: 

Time of Observation: 

Major Frequency Bands Analyzed: 

Page -A. 42-

Test Date: ____ ~F~eb~ru~a=r~yL_5:L,~1~9~8~7_ 

Final Carbon: 0.40 'twt 

Change in Carbon: 4.00 ~,wt 

Blown Oxygen Volume: 1226 Nol 

Blowing Time: 1050 s 

Oxygen Flow Rate: 1.17 Nolis 

1000 Hz 

Observed 

lOlOs 

~3~2~2_-~3~34~H~z~,~~3~3~4~-~3~4~4~H~z~( ___ 345-
355Hz, and 356-365Hz 
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Test Code: __ ~C~/~6~_ 

O'Perating Parameters: 

Hot Metal Weight: 23.2 kg 

Free Board: 230 mm 

Lance Depth: 205 mm 

Height Above Melt: 25 mm 

Furnace Power: 1) kVA 

Accelerometer Signal Analysis: 

Sampling Frequency: 

Decay in ac/ao Observed: 

Time of Observation: 

Major Frequency Bands Analyzed: 

l 
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Test Date: ____ ~F~eb~ru~a=r~y~6~1~1~9~8~7~ 

Final Carbon: 0.04 %wt 

Change in Carbon: 4.00 %wt 

Blown Oxygen Volume: 1154 Nol 

Blowing Time: 1080 s 

Oxygen Flow Rate: 1.07N o lLs 

1000 Hz 

Observed 

780s 

4-10Hz, 11-15Hz, 20-25Hz, and 
50-70Hz 
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