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A £ o 'I R A G T

An ID converter can produce 200-400 tons of steel
In 20-25 ninutos. Ho^vever, the fast ^ynataic- of the procesa
makes accurate nanual control very difficiat and necessitateo
computer control.

In thlB report, first a study of H) process dynamloa
has been presentedi the -influenoea oi' various inputs, disturbances
and control variables on control objectives have been clearly
identified,

Acritical study of U different static and dynamic
control schsmes/nodels of TjD converter haa been done,

Tho raoEt important goal attained in this work is a
dynamic digital simulation of LD converter on IBM 360/44, A
special inte^jration al^-orithm requirir:-^- only 5 mratiplication and
3 addition oporationa ivith very little meaory requirement and
computation time has been developed to solve the differential
equfttious,

Atimer routine Ijas been used to find the time required
for each eaotion of the progrs.!!!. In its final form, the program
tatss merely 20-25 oecondo for complete simulation of 30 minutes
heat (one taowing operation). However, an additional one minute
is lequiiOd to plot the results An an elegant graphical form, if
desired. She gi-apbs show complete time history of bath composition,
teinp'jrature, oxycen distribution (araonf; 0, 3i and Ss), weight of
Blag rjid its constituents. Complete details of all simulation
rout, neo and derivation of integration alsorlthm are included
in this report.



Finally a study of instrumentation and various

ID computer control systems has heen presented. Therein the

need for computer control, various digital computer fimctions

and subsystems to be interfaced with it have been discussed in

detail. The type of computer, peripherals and sensors required

have been briefly discussed. A list of new sensors proposed

till todate has also been included.

In a nutshell, this work includes several diversified

aspects of "computer control of LD process of steelmakLng",

such as metallurgical, chemical, control, instrunontatione,

computer hardware and computer software.
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CHAPTER - 1

INTRODUGTTnw

ISankinl has made several technical advances during
past few decades, -he two most important being industrial

revolution and invention of digital computer. The first one

refers to the invantion and construction of equipment that produ

ces large quantities of specialized products from raw materials

and energy. Examples are iron and steel complexes, petroleum

refining complexes, paper making plants, ammonia plants etc.

These complexes are large and variable enough to require some

form of 'Control'. In slightly more than a decade, the digital

computer has been widely adopted ao that its arithmetic and

logical power can be used to provide the 'control* reqiiired to

operate today's complex processes efficiently.

Steel industry is the backbone of all other industiles

all over the world including Xndia. The rapid Industrial revolution

in our country after independence has tremendously increased-

tho aemands for steel. The National Council of Applied Economic

Research Hew Delhi has estimated finished steel demands in India

at 15.3 million tons by 1980 and 24.65 million tons by 1985. But

many experts feel that it is necessary to plan ^or a minimum per-

capita of 100 kg for a probable population of 1000 million.That

would mean a total installed capacity of 100 million tons by 2000

1 J* Such large demands necessitate the use of a fast

steel making process like LD converter which can produce 200-300

tons of otoel in barely 20-25 minutes.



ID prooess of steel making has taken its name from

the towns Linz and Donawita of Austria where commercial operations

of the process was first realized in 1952 at the works of -

Vereinigte Osterreichische iSisen and utahlwerke (VOEST) and

Osterreichische Alpine Montangeaellschaft. Since then several

converters have been installed all over the world. Today a major *

portion of the total steel output of the world is being produced

by LD converter, A primary reason for the enthusiastic adoption

of the ID converter by the world steel industry aas been its

ability to operate at extremely high refining rates. These

converters have brought down the time needed for a single opera

tion of steelmaking (ono heat) from about 8-10 hours in the

conventional open hearth process to barely 25 minutes.

India,though an early starter in the field of LD

converters, with a 50 ton LD converter in Eourkela installed

in late fiftees, has since lagged behind. At present only Rourkela

plant of Hindustan Steel Ltd and Bhadravathi -Plant of Mysore Iron
A

and Steel Company are u/3ing LD converters. Howeverjall new.

plants including Bokaro will use LD converters. In iiokaro and

in expansion plants (BhUai, TISCO eto) U>b of 200 tons and above

are planned. 100-t.'50 tons LD converters ar9 to be installed at

Vizag and Hospet.

India, could not exploit the new techniques of st':elmal:irig'
for lack of an intensive research program. The high rates of LD

converters, which make the process so attractive from production

view point, have . however rendered the manual control liiffici .l t,"



The otochaatlc nature and the large capacity of the process fur-

ther 0(j;griQvod ta<5 protleui# Tha autoxation of LD conyerters is

thoifefoi-e a vory promialui- direotion for computer control

onginoars#

1*1 of th-? I'rojfifitt

This project was carried out In ee-veral ptases as

discussed b-slowj

^• -^tudv of •.•r9(?osa , i'he first phase in any computer
control projGct ehoulu be the study of the process. This includes

the study of its in;/ut8j outyuts» distui'tances, control vixriables

and contrvtl objootivoa# in 'he case of LO converters, process study

required a workiiso imowleu^e of chemical and oetaliureieal prin

ciples. Chaptor 2 presents tiji esacnoo of theoe studies#

Control ;iahGsgi^i The second phase

of project ia tho oritioal study of models and control schomea for

L7) coMvertors prjpoaed all over the world. I^odels are mathematical

rel^itions among varlft-yles in Ih-a process and foi-a tho he^rt of any

control scheae, Aleo models aro useful for siaulation of the

prooosB anti for toatin^ of control al^nji-ifchoiB, a critical study

of U diffcrcmt models is pi-^scented in Chapter 3,

3. lliffl ttvo most Important requirements for a

cow ixf.Gv procep^ control proj«ota aro the ooiaputer and the process

to •'in oontrollod. In ths absonce of actual ^srooens, a conunon approach

is to fllTaui.9.to the proooss on a hirbria/dlgitc.! computt r and to

•aso t-io sluulft-^od model for testinc nontrol alj^orithtns even when the



process Is available, the simulation forms an essential step

in order to avoid the risk involved in directly applying the

untested control algorithms to actual process which may damage *

the process. With this in view a digital simulation of the

process was done on lEa 360/44 at Indian Institute of Science*

A special integration routine has been developed for this pur- "
of

pose. The similation provides a time history important key varia

bles like bath composition, bath temperature, oxygen distribution,

slag weight and its composition. Details of simulation are descri- '

bod in Chapter 4.

4* Study of Coamter Systow and Inatruinentation; Lastly a study

of instrumentation and various LD computer control systems has

been presented in Chapter 5. Therein, the need for computer control,

various digital computer functions and subsystems to be interfaced
4

With it have been discussed in detail. The type of computer, peri

pherals and sensors required have been briefly discussed. A list

of naw sensors proposed has also been included.

References?

\

1. 'Science Today*, April 1973» A Times of India Publications. \



CHAPTB5-2

STUDY OF PROCnsS DYNAMICS.

-A computer control project cannot be successful

without a deep study of process dynamics. H.W, ileyer, the

Vice President of Research and Development at Jonea and Laugh-

lin Steel Corporation remarks C 1-7 that "For a veiy long time

steel makers have successfully utilized processes which they

did not properly understand. A melter was some one who had

learned to ride a steel making bicycle and he controlled the

Bteel making process with broadly the same skills utilized to

control a bicycle: intuition, experience and a feel for what

he was doing. In ths middle 1950'a, mathematicians with compu

ters appeared and they promised maivels, but it was soon proved

that a coTaput-sr cannot ridor a bicycle. The osygen steel making

bicycle proved quite difficult even for the most ezperienced

melters because it went about 10 times faster than anything on

which they had been taught to ride and there was no time to stop

for check points along the way". This clearly dictates that study

of process dynamics should form first step in a computer control

project. A brief description of process equipment, operation,

principle, control variables and control objectives is presented

in this chapter,

1, Prof?3S l")s9criotion*

2.1,1. Equipments The process is conducted in a cylindrical

steel vessel lined with refractory as shown in Fig.2.1. The vessel

is equipped with drives to rotate it about the horizontal azis for



charging, tapping and sampling operations. Vessel capacities

range from 50 300 tons. The charge is refined by a high velocity

©zygen jet from a water cooled lance.

2,1•2. Operation: The vessel is tilted and scrap and molten

pig iron (from hlast furnace) are charged. The steel scrap

forms 20-30ji by weight of total charge. The vessel is then

rotated to a vertical position, the lance is lowered and oxygen

blowing commenced. After a fev/ seconds, ignition takes place.

As the blowing proceeds, more lime (or limestone)

end ore is added if necessary. *Vhen it is judged that the

specification is being approached, the vessel is tiimed down,

samples taken for analysis and the toEperature recorded. Depend

ing upon the results, further blowing time will be arranged or

more coolant and lime added if necessary.

When the steel is ready for tapping, in order to

kill (remove) dissolved oxygen, deoxidizing agents may be added

in the vesael, before tapping or into the laddie during tapping.

The vessel is turned and steel is drained thi-ough the side hole,

later, the slag is poured in to slag boxes.

2*2. Chemistry of the Processt

2.2.1, Reactions: The high velocity oxygen jet reacts with

the impurities and refines the iron aocording to the following

reactions:

C + 0 a CO

Si + 20 a Si 0.

Mn + 0 = r^nO

2P + 50 => PgOg

Pe + 0 = PeO
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The carton is oxidized to CO and ia exhaiisted through

the waste gas system. A part of CO combines with jet oxygen to

form COg^ Silicon, Manganese, Phosphorus and Iron are oxidized '

to the respective oxides. These acidic oxides combine with the

lime to form a basic slag. The carbon monoxide evolution produces

a stirring action, which makes an intimate mixture of slag and metal'

and contributes remarkably to the high speed of LD process.

The oxidation reactiom that occur generate enough heat -

to melt a substantial amount of scrap and to raise thef-:emperature

of resultant molten bath. The curves showing the removal of

various elements in a typical LD converter are shown in Fig 2.2.

2.2.2. Phases in Refining Process: The decarburiaation rate

i.e. the rate of removal of carbon (- gl- ) varies during the
blow as shown in Fig. 2,3 Z"2_7 .The total refining period can
be divided into three phases corresponding to dominant conditions.

i. Silicon Blovi Phase.

ii. Carbon Boil Phase

iii. Finish Blow Phase,

1. Silicor^Blow: Among all elements present in the furnace, silicon
has the highest affinity to oxygen and is oxidized first i,e. during
first few minutes of the blow. During the period called' 'silicon

blow', decarburiaation rate gradually increases and FeO builds up
in the slag. The refining path is influenced by the oxygen flux

across the gas metal interface. High oxygen flux produces undesi

rable path duo to too high an initial rate of decarburiaation.
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!!• Carbon Boil: As the refining proceeds and after the

oxidation of metalloids, decarburiaation reaches a steady state.
The rate determining mechanism is again the oxygen diffusion at -
the gas metal interface. The carbon monoxide formed by oxidation
of carbon, bubbles out of the molten metal and produces a stirring
action similar to boiling, hence the name* carbon Boil*.

iii. Finish Blow: At about 0.3 percent carbon the rate deteimining
mechanism changes from oxygen diffusion at gas metal interface
to carbon diffusion ( transportation of carbon atoms to reaction
zone) in the metal. The actual concentration of carbon at which
the change in rate determining mechanism begins to occur is depen
dent on temperature and blowing practice. During this phase the
rate of decarburization gradually decreases with decrease of carbon
and is no longer dependent on the rate of oxygen supply through
the lance except in so far as the action of the oxygen jet supplies '
momentum to the bath for continued bath turbulQace. The excess
oxygen used reacts with ?e to form FeO or with CO to foira COj and a
substantial amount of heat is released,

2.3 Control Objgctiven:. Any control scheme (manual or automatic)
for a basic oxygen furnace should achieve the objectives shown in '
Table 2-1,of which first two are often more emphasized than others:

4.T
1.

Table ,2.1—Ob.leotlveg of LD

End point composition

End point temperature

Slag control

Control of furnace ejection.

Minimum time of blow.



2.3.1 End Point Composition: All properties and characteristics
of steel are affected directly or indirectly ty its chemical

composition. Close control over such properties of steel as hardness^
hardenability, ductility and tensile strength requires a close cont
rol over its composition. Tatle 2.II lists the principal functions

of elements (when preaent in proper proportion) in steel. 3_7

Table 2.II: Principal PunGtlon of Elamenta in Sta>=.l.

Elements

Carbon

Silicon.

'c'an^ane sg .

Principal Functions.

1. Increases Eferdness and Hardenability.

2. Source of graphite foiraation in graphitiaing

steel. (Graphitizing steel has a porous

structure useful for holding lubricant in

bearings).

1. Deoxidizes steel. ^

2. Increases resistance to oxidation. '' •

3. Improves electrical properties of magnetic

steels.

4* Increases hardenability.

5. Aids graphitization of steel.

6. At Si 7^ 0.4^ there is a marked decrease in

ductility.

1. Increases Hardenability.

2. Counteracts hot, short or brittleness effect of
sulfur.



Phosphorus

Sulfur

1• Improves machinability In free machining steels

2. Strengthens low carbon steel,

3« A large percentage will decrease ductility.

1• When present as FeS, it reduces hot working

properties.

2. Improves machinabili-ty in free machining

steels.

Of all the elements, carbon is most important coi^ti- ^

tuent and shoiild be reduced to a proper amount. This is because

the eleraination of other elements is closely related to the

carbon control both by virtue of the fact that carbon determines *

the timing of thf refining period an^ecause of the influence of
carbon on phosphorus and sulfur control and manganese recovery.

2.3.2 End Point Temperature: Regulation of temperature of steel

bath is one of the most difficult and important function of BOP

control system. Not only does the temperature influences the
»

chemistry of refining reaction and the efficiency of alloys and

deoxidiaers, but precise control of tapping temperature is necessary

also to obtain clean poiiring and stripping together with best in

got structure, cleanliness and surface quality. A variation of

as little as i 10 ®C from the optimum teeming temperature may at

times be very evident in the quality of the product. Moreover a

hi^jher temperature may result in earlier deteri iration of refractory

lining.



Slag ooutrol! The need for slag control has been recognized

only recently C • Foimation of slag is the means of disposal

of all the impurities, save carbon, which are removed from the

charged materials in refining the steel. Therefore slag miet be

suited to receiving and retaining as much as possible of ^desi

rable elements with minimum loss of iron and useful alloying

elements.

Sub;Ject of slag control includes not only the adjustment

of the composition of slag but also of its relative weight in terms

of percentage of metal bath weight. The elements forming strongly

acidic slag constituents 3i02 and Pg 0^ must be balanced by CaO

the principal basic material.Thus if the phosphorus or the silicon

content is high, it is necessary to increase lime input or to

remove some of the silica in a preliminary or flush slag in order

to maintain basicity desired in the final slag.

2.3®4« Control of Furnace ejections (smooth refining path);

^ There are two kinds of fumace ejections:splacing and

slopping.Spacing or sparking is the ejection of small droplets of

metal.This causes most serious loss to the yield and appears to

be associated v;ith lance heights which are too low in the early

part of the blow and with unusually high impact pressures at the

metal surface.

Slopping is the violent ejection of slag from the

vessel. TIais also lowers the yield and curtails the production

rate of the shop because of the time which must be taken to clean

up the vessel lip ring.



Slopping is caused by a reaction at the slag metal

interface betweeribath carbon and slag oxygen. Excess slag oxygen

can come either from a large lance height and/or low oxygen

flow rate or from excessive blowing rates during the silicon blow.

Because of silicon's inhibiting effect on carbon oxidation, no

slopping will occur as long as silicon is present in the bath. *

As a resxilt, slag oxygen will increase creating an unstable

situation, until the silicon is oxidized, then slopping occurs

and is often reinforced by concurrent carbon boil, which brings *

large quantities of carbon rich iron to the sl(X^ metal interface.

A study of many hundreds of heats atJ&L*/"5^

has shown that if slopping is to be avoided, decarburisation

curve during the early stages of refining should increase smoothly

with absence of plateau region in the decarburization curve. Such «

plateau regions during transition period between silicon blow

and carbon boil phase are indicative of the build up of appreciable

quantities of FeO in the slag. At a later time reversion of FeO *

occurs and the reaiiltant violent reaction can coincide with the

slag's being in a viscous, state and having a low basicity latio.

Pig 2.4, shows three decarburization curves during *

the early part of the blow. In curve Asloppin^as extremely bad
and the decarbiirization rate actually decreased prior to slopping.

In both curves A and B severe slopping was accompanied by a sudden

rise in decarburization rate after the plateau regions. Curve C is

an average curve for a number of heat3 which had good blowing per

formance with little or no slopping.

• 'J & Ii' stands for Jones & Laughlin Steol Corpn. U.S.A. .
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Thus the co;itroL of sparking and slopping demands a

continuous (or dynamic) control of decarburiaation path through

out the blew*

2.5,5. Minimum time of BlowJ The time per hlow, decides the

total yield over a given period say an year. Hence for maximum

productivecy, control variables should be adjusted to bring the

heat on to the given specification in minimum time. The lower limit

for blowing time is set by the time required for cold scrap and

time to dissolve completely before turn down.

2.4 7ARIABL33 II-TTLITDI'TCING TH3 RBFINIIs'G PATHt

The variables wliich influence the course of refining

of LD process are summarized in Table 2.3.

Table 2,3: Variables influenc Lig the refining nath.

1, Hot Uetal (a) V/eight

(b) Temperature

(c) Composition

2. Slag Forming addition (a) Quantity
(b) Chemical and Physical characteristics
(o) Time added in relation to progress

oi" heat.

3. Other charged materials(a) Waight
(i) Scrap (b) Composition

(ii) Ore , s
(ill) Cold pig ironl®^

(d) Disposition in the furnace.

4* Refractory a) age
b) Themal properties
c) rate of wear.

5. Oxygon Plow rate as determined by.
(a) Uozzle diameter
(b) Nozzle shiipe
(c) Oxygen preasiire,

6. I«ance height.



It is evident that among the variables mentioned in

Table 2,3 and discussed below, refractory wear, size and dispo

sition of scrap are in no way under our control and can not be

used for control purposes. Nevertheless these have been discussed

hers to emphasize the fact that they should be recognized as

unmeasurable disturbances in the modeMing and control of the

process. Variables like temperature and composition of hot

metal or other charged materials are most often specified or

fixed by other processes and can not be varied. They can be treated

as measured disturbances to the process. The weight of hot metal,

slag forming additives and other materials are,of course, under

our control but once charged, they can not be changed hence they

are useful only for static control (See next chapter on modelling)

For dynamic control purposes only lance hei^t, oxygen flov/ rate

and weight and and timing of ore/lime additions can be used as

control variables.Fig 2.5 gives a simplified schematic of ID

process variables.

2.4.1 temperature, weight and composition of

the metal basically determine the heat which, under appropriate

condition will become available to the process.

2,4,2. Slag forming additions : It is necessary that the slag be
it

basic in nature. Lime balances the stron^y acidic consjtuent of

slag such as SiOg and Pg 0^. Thus if the phosphorus or silicon

content is high, it is necessary to increase lime input in order

to maintain the desired basicity in the final slag.
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If lime stone is used as a flux instead of lime, it
imparts a stirring action by vigorous evolution of carbon diozide
during the lime boil. It also acts as a coolant due to the heat
required for driving off the COg evolved and for endothermic
(heat absorbing) decomposition of lime stone.

2.4.3 Other charged tlaterials (Coolants): \Vhen scrap is used as
a coolant, there is little-rise in metal temperature duriig blowing
until it has melted, after which, the temperature rise is progress
ive. Tho sise and physical disposition of scrap within the vessel

affects the degree to which the scrap acts as a baffle and inter-

fereiwith the development of bath turbulance. This adds to stocha-

tic nature of the process.

When ore is added in place of scrap, the initial cooling
effect is similar to that of scrap provided thermally equivalent

quantities are added. In this case, however, in spite of adding
ore to the charge the initial enrichment of PeO in the slag is sig^
nificantly less while slag formation takes place earlier in the

blow. The rate of fall of elements to be eliminated is more rapid

in relation to carbon content of the bath than when scrap coctLing

is used.

The effect of adding cold pig iron is eaaentially same
as that of adding scrap,

2.4.4 Refractory:, The inner shape of lining of a vessel chaniios

considerably during one campaign of lining, Katsura et al /" \J

liave reported that the inner volume and wall thickness cliange by



50 to 75^ from the first heat after lining to the last heat before

relining. ThiF affeots the FeO content of slag, rate of dephos-

phorization, BJiount of slopping and particmlarly the heat lois ♦

throu.'zh the lining. Like scrap size and disposition, this also

contributes to the stochastic nature of the process,

A

2.4.5 Oxygen glow rate: The nozzle diameter, nozzle shape and

oxygen supply pressure determine the oxygen flow rate, which,

in turn, determines the refining time and in consequence the
A

time available for the development of necessary reactions. 3ince

the top blown oxygen is almost completely absorbed by the bath,the

refining time is limited only by the progress of metal-slag reac

tions and the need to bring thes3 to a desired nearness to cciuili-

"bria at the end of the refining process.

Average decL-rburisation rate increases linearly with

specific oxygen rate (oxygen flow rate in Kg/min per unit wei£.ht

of hot metal) as shown in Fig 2.6 . However oxygen efficiency

(for carbon removal) decreases. *

A very high oxygen flow rate will finish a heat too

early resulting, in unnelted scrap being left at the bottom. More- ^
over, a rather steep temperature gradient can be set up between

the top and bottom of the bath and a heat brought too rapidly

upto tapping temperature, ae measured near the surface may be cold «

at the bottom unless time is allowed to e<jualiz2 the tempei.\'^tureu

Thus if the oxygen flow rate is steadily increaaod i-1;

eventually passes the optimum for a given vessel and resul-la in ^

increased refractoiy consumption and decreased metallic yiold.Tha

output rate will however increase and an oconoaic balance thc.:-o-

fore be struck for the planto ^
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Fig. 2-6 Relation between Decarburization
rate and oxyzen flow rate.
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2«4*6 The course of reaction is Influenced a lot

by lance heit-ht (distance betv/oen nozzle outlet and statio position

of upper eurface of aetal bath). v;ith eonctant oxygen supply

pressure (and hf?nce flow rate), the greater the lance hcl^^ht the

greater the area of impact circle of the oxygen on t^e bath and

the saaller the impecb preeeuro and in connequence lower tsta the '

degree of penetration, Thio results in reduced ojrygaa flux (flow
«

rate per unit impact area). Thua deoarburi?5ation rate as well as

oxygen efficiency deoro^isea# Tha blowing tiae reouired for a

epeclfied end point composition increases • :^reover, the reduced

stirriDireffect oi' jet will iUrther reduce the reaction rate. .Most

of the Qxjf^n is absorbed by the slag which under certain conditions"
oay lead to slopping#

Avery low lanoe hoifiht, on the other hand# nay lead •
to inetia Br>ieinG and rerluoed life of lanoo. l-he apeed of the

carbon renioval lnore?.S6S at t)ie expense of phoephoros. One reanon

for reduced dophonphori:ation is high finichins temperature, *

Thus the objoctivo of a good lance practice should be

to promote good elag foraatioii, to protect lance, to have high
oxygen efficiency and to ensure that ,he bottom io clean (no uimeltcd

scrap) at tho end oi tho blow# rjla^j i'oroation is oncourased by a
blither lance position, ^he hi 'aor the lanoo, tho loss the likely-
hood of meohanioal damafjo to it fro-u .-sparkins or hittin.^ the ucrap
pieces protr^din^ froni ±ho metal bata mirfaca. On the othor hand,
bottom cleanias and oxyyun efi'lcienc;; are iaprovod by lower lanoe
position. *



References.

1, Meyer H.ff,, 'Oxygen steel making - Its control and future',

JISI Yol. 207, No.6,June 1969,p.781,

TU
2, Bliun B, and Schwartaenberg J.V/,, 'Automelt Basic oxygen

steel making computer control', Proc. 16th Ifetional ISA

Conf. on Instrumentation for the Iron and Steel Industry

March 1966.

3, Sims C.B,, 'Electlic Furnace Steel J^aklng*, Vol.II AIME,

New Tork 1962, p.405*

4. Meyer Porter W.3?, et al, 'Slag metal emiilsion and

their importance in 30F steel making', Journal of metals

July 1968, p.35.

5. Aukrust B., Fischer H.K., and i^orter W.F., 'BOP Dynamic Control',

AIMB operating i^etallurgy Conf. Philadelphia,Dec 1966.

6. Katsura K., Isobo K. and Itaoka T, 'Computer control of Basic

Oxygen Process', J» Metals, Vol.16, April 1964 p 341*



CHAPTER-:

MODELS AND CONTROL SCHEMES.

A mathematical model of a system Is defined as

a set of equation or a logical and quantitative representation

of the inter-relations among the variables of the system. In a

sense, the model expresses and summarizes the analytical

knowledge about the system

Clearly, a mathematical model of LD converter

is a kp/ element in its computer control. The equations which

permit the computer to calculate an unmeasured variable like

bath cc;rbon content, and the comprehensive set of equations

required for'cptimization of raw material are all expressions

of the mathem^atical model.

The. derivation of a satisfactory mathematical model

of the process is a ciucial and time consuming step in a computer

control project and in the case of LD converters it is the

inadequacy of the process models v;hich v;as the principal hindrance

to more rapid progress in the application of computer control.

This chapter presents a critical study of 14 different models

(arid control schemes) of LD converter.

LD converter control can be achieved by static control

or dynamic control. Static control is the method in which heat

balance and matorial "balance in the reaction is assumed and

charge calculation (i.e. ruv/ matrrial, scrap weight, and oxygen

quantity) is doneIbforo blowing. Once the blowing has begun.



further adjustments are not made. Whereas, in dynamic control,

calculation, adjustments and control are done when the hlowing

is in progress.

T.1 STATIC T.!ODELS;_

Static models also known as 'Charge Control models', are

used to calculate the composition of the charge for the desired

end point results. Thou^ the first static model was proposed

as early as 1960, J dynamic control schemes still

use static models. The purpose is to achieve the best therrao-

dynamically balanced charge for the prescribed heat from the

available materials. Sevei^ static models have been proposed

e.g. -by Slatosky L 317, OlffiH /" 4 _Z, 6oel et al /" 5 _7
and Kat3ura /"e _7. All static models are based, on the same

general principles of overaU heat and mass balance, with

the latter applied to Iron, Carbon, Oxygen'̂ slag, lime, waate-
gases, sulfur, phosphorus etc. etc. A simplified description
of the equations is given in Table 3.1 /~7 _7«

Those static models predict the required weight of

scrap, lime and oxygen for a given end point temperature and
composition. As an example Slatasky's static model is briefly-
described in Appendix A. Katsura et al / 6 J have pointed out
that a static model should also take into account the wear of

refractories which is different for each heat. The inner shape

of t-ie lining of a veosel changes considerably during one campa

ign of lining. Ag reported by them, the inner volume and wall
thickness change by 50 to 75?- from the firat heat after lining

to the last heat before relining. This affects the S^eO content
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of the slag, rate of dephoaphorization, amount of slopping

and particularly the heat loss through lining. Their static

model takes this into account and also the slopping which if

happens, is graded by the operator and the model is adjusted
accordingly.

In general the static models do not give sufficient

accuracy because they are based on over simplified assumptions

and are entirely subject to the accuracy of initial conditions.

Moreover, such a charge calculation does not react to the

inprocess variations occuriny during blowing. Therefore it is

only the beginning of the control of the EOF process. Its main

utility is to thermodynamically bs'J.ance the charge so that dynamic

control can more easily acliieve the objectives#

3.II DY^r.TOO MODSIS:

Dynaniic models of LD converter can be broadly classi

fied into three categories based on their approach to modelling

and control as shown in Table

Type

Table 3-II - D:'.mamio Models.

Example

Machi

Goel

Kumbury and ^^iddleton

CNiO! Oxygen Distribution r.^odel

Tujii's Decarbiirization wodel

r-lm

CrFiil fu3.ie temperature Uodel
J L (J.'sysr et al)

Reaction

li'G ehanisa

P-ased r.iOdGls

Kcasureuiont

Kased ^'ic-clela

u'odern Control
Techn.iq.v.-33
T'as=jd els.

CT'Tl'JIil trfinafer function approach
Hjlls et al*Q estimation and filtering
approach

8-10

5

12

13

1 6-17
18-20



5*2.1 Reaction Mechanlam Eased ^delai Tha^ models, which

are derived from the physioochemical principles of steelmaking

and generally involve minute details of internal process mecha

nism, come under this category. One major application of these

models is that when simulated on analog or hybrid computer, they
tocan be used test control schemes or control programmes and in

that sense they can replace the actual furnace.

3.2,1.1 by ?.!uchi et al:

Professor Muchi avid others at Ifegoya University Japan,

have published a series ofValuable ^japers C 8-10 _7 on dynamic

modelliiig of LD converters. These papers contain a wealth of

information and prove the applicability of fundamental chemical

and metallurgical principles to actual processes. Based on the

reaction mechanism of LD convertor, this model predicts the

variation of metal composition, temperature, flue gas^ analysis,

gas temperatiire and slag composition etc. It is assur^ed that a

parabolic cavity is formed by oxygen jetted against molten metal.

The rate of oxygon absorbed in the cavity is determined assuming

a high temperature (2400®C) layer saturated with oxygen at the

cavity surface. Mont of the reo.ctions are assumed to occtir in this

zone. Distribution of oxygen betvieen various elements (C, Si, P, :<ln

and Pe) depends on tho avai-lablo concentration of the elements and

their affinity with o?:ygem, Line dissolution in the slag is deter-
^ at-

mined asauuin^rj a i-rxO satur-'.-feed slag tha given bath temperature,

Ths model lias the virlaio of being truely general and

dynamic. The condition of any vnrii^blo at any instant of time can

be predicted from tlje nodol. Complete modal consists of over 100

eq'iationi incl-adin^- .-reveraJ. .oonlii>-ar differential eq.uation3.



However, the model needs to be further simplified and linearized

if complex and cumbersome calculations are to be avoided to mini

mise computer tii..e. •

The greatest objection to ^uchi's approach is that

I'h an actual furnace, reaction zone is not limited to the cavity

surface, but it alsojextends to slag->netal interface, metal droplets *
surface etc. The total area of reaction zone thus becomes several

times the cavity area. This reaction zone is considerably incre

ased by increased CO evolution. Another limitation is that the *

oxygen absorbed by slag (which if in excess leads to slopping

and considerably affects the decarburiaation rate-' has not been

considered, iloreover, this may not allow correct end point tempe

rature prediction becaiise a common practice to raise the end

point temperature while keeping carbon constant, is to raise

the lance so that almost all oxygen is absorbed by slag only^ and

heat is released by oxidation of .'eO to Feg 0-j.

The validity of the assumption of a high temperature ^

zone at the cavity surface has been questioned by many including

Meyer

3.2,1.2, r^lodel Prppor.od by C->el e/h al: This is also *

a reaction mechanism model similar to of i^uchi. However Ooel .

et al rejected tho hot spot tlioorj' and used the following emperical
m

relationship to doteriaina ths available to bath.

Bath oxygen = Lares oxyi;3n (1 ~Blxp(-iw*dO/dt))



^ere E Is a positive oonstant and dC/dt is decar-^

"burization rate. Thus when carbon removal rate increases,it

causes greater CO evolution with enhanced emulsification of metal,

and the oxygen absorbed by the bath increases. This is obtained

from above equation also since dC/dt is a negative quantity.

The dissolution of lime, limestone and iron ore has

been assumed to follow a negative exponential rate*

dW/ dt = - r W

V/here V/ is the weight of undissolved lime, limestone, or iron

ore; r is a positive constant. The authors have made no attempt

to justifyjthis assumption.

Goel et al also remain silent about the amount of slag

oxygen v;hich is an important variable as discussed above.

3.2.1.3. Model •pro-^oned by Haiaburv and ^iddloton^ The details

of the model have not been published, however, aa reported by the

authors/" 12^ their model consists of 40 simultaneous first order

non linear ordinary diflerential equation and a similar number

of algebraic eq^'.ations.Based on reaction mechanism, tbis model

was originally developed fo-- LD-AC process and it has beon succe-

ssfullj)- applied to LD process. All reactionsare assumed to occur

at interfaces between slag, metal and/or gas phases. Tlie rate

detemlning stop is therefore that of diffusion of reactant spe

cies to the phase interl'aoo.at which the reactions occur,from with

in tha hulic ,:>hase.



An Important improvement over Muchi*s model is that

their model contains an expression which allows the interfacial

area to vary according to the degree of tui^)tilance currently

existing. The latter is related to the rate of evolution of

carlDon monoxide• Also included in the model is a relationship

which governs the distribution of oxygen between slag and metal

phases as a function of the lance height and theblowing rate.

Further, since the model v/as developed mainly for computer control,

several complex equations obtained from theory have been lineari

zed to reduce computer time.

3,2.1.4. Oxygen Distribution IJodel: i.esearchers at Centre

National de itecherches I^etallurgiquea are actively working on controls

of LD converter since 1962, with the final aim of realization of

an optimal control scheme for it. They have tried several approaches

to the goal. Kilies and Dennis £ J proposed an oxygen
distribution scheme. The main reactions considered by them are

oxidation of silicon, formation of CO and COg in the vessel; oxi

dation of iron and evolution of slaj compositions. The total oxygen *

flow Qg. is assumed to be distributed into three parts: the oxygen
combined with silicon Qg^, carbon Qq and iron Qp^. Apart of oxygen

already combined with iron can recombine ?dth carbon as shown "

in Pig 3.1.

The oxygen leaving the lance is supposed to reach succe

ssively four distributing centres 0^ and C^ as shown in

Fig. 5»2, At each centre flow is devided into two parts depending

on several variables like lance height and total oxygen flow, line

dissolution speed and physical properties of slag and type of slag

and evolution of the bath temperature. They havo established the



Df^ qD°f '̂
^Fe

Dj Total oxygen flow

Q : Quantify of oxygen ( Kg)

D : Oxygen flow rate (kg/sec)

FIG-3-1 OXYGEN FLOW BALANCE .

Hood

CO COq aCOa^CQz

^COg rCOA D?
FT.^_:£_l3:

COa

•Lance

'2
Dsi

no Qgi SLAG
V interface

H W rxO

C4 Qpe metal
FIG.3.2 OXYGEN DISTRIBUTION CENTERS AND

Oxygen transfer functions proposed
BY NILLES AND DENIS .



following relationships between variouspartial flows<

vniere C®.

D®gi « ±2 C?^Si-5S3i^^)

®°C0 " ^3^ '̂ *

D%n « f>,(T) *K* (JeO/K.-f/?Sc)

« Q^j-Q^gi" Q^co^ " *3^00

«a Partial oxygen flow rate iised for i(Kg/Sec)

« Quantity of oxygen used for i

a Lance height

a Penetration of jet

B Metal slag interfacial area

a Equilibrima constant of the reaction Fe +0=Pe0

f is a parameter.

The slag composition is given by

d(:^aO)/dt = fc(T,V,P)*

* (?SCaO®^^ - 'A3aO)

The empirical functions f^.,,, f^ are determined from experimental
data.



These empi rical models have general llmlta-tlon in

that they cannot be used for other furnaces and if so required,

complete experimentation and derivation havt to be "C9peated«

Moreover, empirical equation may^ve a gooa correlation at one

plant while at another plant they may not give accef>table corre

lation. In other wordSjreproducitdlity of empirical models la

limited.

3.2,2 Measurement ^sed Models: These models are different

from reaction mechanism models in that these do not involve

much of internal mechanism of furnace reactions. The sole aim

of these models is to control the furnace dynamically and these

may or may not predict all the variables in the process. These

models are in general very simple in structure and make use of
V

continuous measurement from the process such as gas analysis, bath

temperature, fume temperature etc. ?or these reasons, these

models are also called 'Control Models' or 'External feature models',

Measurement based dynamic control schemes can be

further classified in to three categories as explained below:

1 • Blowing control IJethod: i'hroughout the blow, the operating

conditions arecontrolled to stabilize the blow as ehovm by path 1

in Fig 3.3. ClIIiM fume temperature control scheme is an example of

this method.

2, Path Correction Method: The control action is started towards

end of the blow, to modify the path of carbon and temperature in

order to reach end points simultaneously as shown by paths 4 and 5

in Fig.3»3- J & I» control scheme is an example of this method.



'Stop
Ifnc

Dynamic
stop .

Aimed
carbon

/TcrgQt zone

r:\
• 4y

CARBON

Path correction

•Blowing control

Fig. 3-3 Measurement based dynamic control
schemes.



3« Dynamic otop Method: Here we don't modify the path, hut judge
at

the best suitable instant of time for stopping the blow and. that

instant the blow is stopped. Corrective measures are taken

afterwards, if necessary. The chosen utop instant, should satisfy

one of the following two conditions.

1. Aimed carbon and temperature are hit 8imultaneously(Path l)

ii« Either carbon or temperature (only one of the two)

is hit and a corrective meausre is required for the other.

(Paths 6 and 7)•

This method is used at Nippon Steel Corp.(Not discussed

here)•

3.2.2,1 Fu.iii'a Secarburizatioi^^odel:

T, Pu^ii et al of Sumitomo Metal Industries Japan have

suggested a very simplified scheme obtained by approximating

the decarburization curve in a trapazoidal form as shown in Fig.3,4,

The refining process is devided into three blowing periods with

decarburissation rate following the curves stated below:

First Phase: Silicon Blow: -dC/dt s K^t

Second Phase: Carbon Boil : -dC/dt =

Tiiird Phase : ?inish Blow * -dC/dt = C,

where Kj, ^2 and are constants determined by blow conditions such

as oxygen flow rate lance height etc., t is the time and C is the

carbon content.

It was foxmd that the most accurate and most reliable

way to control bath carbon using decarburization model is to control

the time AD to the end of the second blov;ing period or the time cS



the third blowing pc-eriod Since it is based on relative

change of decarburization rate and the absolute values are not

80 important, the transition point D can be detected independently «

of the error of the measuring devices.

- dS/dt = ZC

Kw - (dC/dt) max, / (Cd * Wd) *

and tpg log
s

where C^j, =" carbon content at the transition point Dand ^
end point E respectively

Wjj . a Weight of metal at point D ^

tjjg » Time from point D to the end point.
«

Thus if the carbon content of the point D has been

given, blowing time can be calculated as soon as refining passed *
the point D,

This model has the virtue of being extremely simple.

However, in actual practice, the decT.rburization curve is so much

nonlinear and fluctuating that it is difficult to identify transi

tion point D. This uncertainty together with oversimplified equation

for dC/dt leads to an inaccuracy in control.

Pujii has also suggested a temperature control scheme

on the basis of djcarburization model. However, it is highly static

in nature and accuracy obtained is expected to be similar to that

obtained from a good charge control model.



3.2.2.2 Model proposed bv Blum et al: They have used exhaust gas

analysis and flow rate measurement to determine the bath conditions

continuously during the blow C i5_7. Well known principles of heat

and mass balance have been used to predict bath' condition from gas

analysis as follows*

Decarburiaation rate - dO/dt® Flow rate* (?5of (CO-^

CO2 ii^ exhaust gases)
Slag oxygen » Liice oxygen + oxygen from limestone and

ore Oxygen used for CO- o.rygen used for C02'

oxygen in dust - oxygen dissolved ii^etal
weight of slag = constant* (slag ozygen)+

wei^t of excess lime

Total heat gained by metal s Heat generated by formation of Co

+ Heat generated by formation of CO2+

Heat gained from FeO - Heat lost to

vessel - Heat lost through sensible

Carbon removal efficiency 5=

losses.

Unito of carbon reTtioved
tj'xygen delivered to the bath

1»33 Decarburization rate k'9/3in.
Lance ox'ysen kg/niinJ

The slopping is due to rapid decarburization durinr

transition from silicon blow to carbon boil. Thereforei the d ri-

vative of the decarburization rate is a feedback signal to reduce
te

oxygen flov/ rate and.control slopping. Temperature of the metal

can be calculated from total heat gained and initial temperature.
tht

At carbon below 0.25>9,. following- relationship is obtained betv/een

bath carbon and carbon removal efficiency by carbon/oxygen

equilibriumJ



Jt C in Bath » 0.04 EXP (0.026 * CRS)

The main dieadvantage of exhaust analysis approach

ia time delay,caused by gas movement,sampling, cleaning, and %

analysis depending upon the position of the sampling point and

quality o? instrumentation. The delay may be 20 seconds to a few

minutes. Considering the fast dynamics of the process it may cause •

unacceptible error in results obtained.

3.2.2.3 CrMl rucio Te:.irerature "^odel: The sampling difficulties^

rather long response time,and problems in obtaining the required"*
accuracy from gas analysis made CHILM researchers to find another

approach to the control of ID converter. They experimented with

fume observation cells, measiirement of gas temperature in the hood,

the sound recording, the temperature inside the lance etc., in

order to determine those which were most approapriate to the dsma-
•i

mic control. The simplicity of fume temperature measurement and

the fact that the thermocouple with short response times can be

developed are the factors which encouraged them to use this measure

ment as a means of achieving automatic control of the blow. Nilles

and Dennis /" have derived relationship of the following form
between fume temperature and metallurgical reactions^

m

Deoarburiaation rate dC/dt a *f^(X^) + f2(Xj)

Oxygen used for carbon « T^ * f^Cx^) + f,(x^)

Oxygen transfered to slag i'ance oxygen-oxygen used for carbon.



CO

Wo + % 00^)
in exhauat e:ases

Fume •temperature

Complete derivations of above relationships and fonns

of function f^- f^ arc given in their papar, is almoat constant
and lies between 0,7 and 0,9 during; most of the blow. For a given

X^, itis evident that the relationship between dC/dt and is
linear. Nilles and Dennis have also found that decarburi2sa fcion rate

as calculated from above equation is hardly influenced by observed

variation in as ahovm in 3.5. However, alag composition

prediction is considerably affected by variation in X^. Hence

means of cheeking and controlling are essential. All other

factors being equal, it is knov/n that is a function of the

lance height.

In a recent paper Voll and Ramelat / 17^7 have reported

the results of application of this technique to the industrial

converters and compared then with those obtained from gas analysis

as shown in Fig

This method though faster than gas analysis still

suffers from the drav/back that it requires frequent caliBration of

thermocuple data on the basis of data provided by exhaust §is

analysis. Moreover, the fume temperature curve to be followed is

different at different plants, since it depends on type of fume

collecting: hood and the intended slag.
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3«2,2.4 J & L Ijlodeli A large number of papers on LD converter

control has been published by lesearchers at Jones and Lauf:hiln

Jteel Corporation U.S.A., in the period 1960-1969. A good Bucmary

of these can be found in jf"l8l7- i'or hi£;h carbon steel (C > 4?i),
an integration nethod is used to eatimate carbon from gas analy

sis and flow rate. The latter ia determined indirectly from the

power required to drive the induced draft fan.

C(t) ^0 -

o - K (percent CO-) (Pan H.P) dt

where K is a constant to be determined emperically,

Por low carbon stesl, a curve fitting technique is

used. A variable Imown ae specific decarburisation rate is defined

as the quantity of carbon removed per unit of oxygen blow or

•Decarburigatlon rate
"^^ygen flow'rate"

Typical path of 0 versus C the laat phase of t^i^

blow . is shown in i'i{?» 3»7« It c£in be represented by a relation of ^

the foriii

0 a a - b » RXP (-.r»C)
m

The parameters a,b, and r are determined on lino.

It has been claimed that v;hen these pararaeters are estimated for

an individual heat, the correlation coefficient ia in excess of ^

0,99. Theamount of oxygen 0^ required to reduce carbon from to

C2 can be calculated as followsJ



Where 0^

0, -Og
. -----in

a - b * Exp C- r* )

a - b • EzpC - r* Cg)

A sinker thermo couple is used to determine the tempe

rature during the blow and final temperature is estimated as follows

Final Temperature » Measured Temperature

+ (Kj « ^2* Measured Temperature)

♦ Volme of oxygen blown after

temperature measurement.

Corrective action is determined in the light of this

temperature. Por example, if it is realized that the oxygen reiiuirs-

ment for carbon will result in too high a final temperature, the

required quantities of coola/it can be added prior to the end of the

heat. -4lteniatively if the . inal temperature is too low, extra

volumes of oxygen can be blown over and above Oq, with the lance

being raised say 10 inches just before Oq has been blown. This

causes a 'slag blow* and temperature is gained at almost aero

decarburization rate, largely by converting a slag PeO to 1*620^

so that yield los'? is minimized.
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3,2.3 Modern Control Technioues Based ^Models: Though most of the

researchers working on automatic control of LD converter realize

that their final aim is to obtain optimal control of LD converters

eo that desired results can. be obtained with minimum cost, there

are very few papers dealing with application of modem control

techniques to control of ID converters This may partially be due

to hi^ly nonlinear process phenomenon, noisy measurements and a

large number of state variables in actual process. Some initiative

has been taken byCirRM and system Control Inc.^and their findings

are "briefly discussed below.

3,2.3.1 Transfer I^jinotion Ap-oroach: As early as in 1968,

Decker has reported £'2\J that CiIPJ.! was studying about the identifi

cation of c/ie ID process. However, tlu first results of their

study have been roportod only recently by Voll Z~22^* three
variables studied were oxygen flow rate, lance height and decarbu-

rization rate. The blow was divided into several periods and they

compared the relative applicability of the following two forms

of transfer function in different periods.

E e
-Id B

Kirst order filter type s H(s) =
1+ T s

Ke~^d ® K'e'̂ 'd®
Second order filter type: H(s^ = —-

1+ T s 1+ T's

where n(s) is the transfer function between decarburization rate

(dC/dt) and either oxygen flow rate QOg or lance height HL.Each

type of H(b) has its ovai meritc; and demerits during different periods,

An idea of their applicability can be obtained from Pig. 3.8
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l^ortel Pr0T)03ed bv Wolis ot al» Wella» ft'lsmor and Kehra,

while working at Systems Control inc. have Investigated the applica-

tiott of estimation and filtorin^j technlquea to the LD converter

procesa control. A wealth o:" infoiiaatlon can bo foun3 In their

paper rz-i _7. They o:>lne that tho LD process c.in bo considered

to have tvfo otatea (carbon and tenperature) ani two controls(lance

height and oxygen flow rate). Tho control objective is therefore

to detersino the best estisiate of carbon and teniperature in tho

real time and to teroinate the blow when the denired state io

ro .ched»They have proi-ocod a two stage dynamic model for decarburi-

Ration iT.te, baaod on waato ^aa output data, for cnrbon boll ajii

finish blow Btisea# 'Ihe unknown parameters of the model are estimated

online uein^: roca£;ui-e<i docarburisation rate#

Sinco there is a transport las betwoon rvaote gas neasure-

nent and current bnth condition, the decarburization rate io pre-^icteu

a head of the tiwe to account for this lag--he cioaourcaent is noijy

due to inatiTuaontation an-3 <;-?.li>.mtion errora nnd hence it needs

filterins. It Cf'.n b<? ex: reesed as

'1 - ^i-r ''l

Oj «• -
1

•dt"~"

Vihere « i th Entraourocieai oi" docarburiaation rate

di , • Actual decai buriaation rate in tho bath at titse i-u

a -i^tationary zezo cioan ^auusian v/l.iite noiso aaiuence

= 0 ^

a Amount of carbon in tho bath at tlmo 1



Model of Carbon Boll Phase : This phase extends normally from 5th

minute to 12th ibinuta of hlow. By observing the autocorrelation

functions of and of increments etc. (Fig. 3.9), it

was concluded ttot a second order model of the following type can

"be used

= a

^i

mietLS(Vi^) = 0

The parameters a,q and r are estimated online from

the autocorrelation function of DZ^. A Kalman filter can be used

to provide the best estimate of actxial decarburisation rate d^

based on observation upto time i*

Model of Finish Blow Phase: A deterministic model proposed earlier

for this phase had the form.

a = K, 1

where and are constants."ells et al included stochastic

behaviour in the model by writing it as

J ss - d ^2 - d) + n

where n represfrnta a zero mean random process noise related to n^

in the first stage.
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In state vector form the model "becomes

Xj 8 - g Xj + u

where x^=d, Xg- ^2* *3 ®

u a white noise.

An extended Kalman filter was used for predicting the

decarbiirizatlon rate t sampling intervals ahead of time.

Thus Wells et al have opened an entirely new direction

for research in the field of LD converter control. No similar model

has yet been proposed for decarburization rate during silicon blow

and for temperature control.

3.3. Other Models: TABLB 3.Ill- gives a list of models, which

have been published, but were not available foijbtudies here,

TABLE--^. Ill; OTHER DYNA?,'[IC MODELS.

Type

Reaction

Mechanism

Based

Models

Measurement

Based

Models

Model

Yawata (Miyamura)

Nippon -^^n (Ozeki)

VOEST (Krawa)

USSR (Jameljanow)

lESID

Yawata (Nagano)

Yav/ata (Maeda)

Reference



3.4 CONCLUSION.

Computer control is a must for precise control of ID

converter. One important step in any computer control project is

the development of static and dynamic models of the process.

Dynamic models proposed till todate can be classified into three

categories via., models based on reaction mechanism, measurement

based models and models using modem control engineering techniques.

There has been a very limited work in the application of modern

control theory of LD converter control. However, future prospects

are bright since several researchers have started appreciating its

need.
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CHAPTERW

DYNMIIC DIGITAL 3I!.mATI0N OF LD C0IT7ERT0R.

The two most important requirements for a computer

process control project are the computer and the process to "be

controlled. In the absence of actual process a common approach

is to .-simulate the process on a hybrid/digital computer and
the simulated D.del

to use / for testing control algorithms. Even when process

is available, the simulation forms an essential step in order to

avoid the risk involved in directly applying untested control

algorithms to actual process^which may damage the process. With

this in view, a comparative study of all available dynamic models

of the LD converter JT \ J was done and the model suggested by

Muchi Z'2,3_7 been chosen for simulation. The main reason

for this choice is that this model is applicable to a furnace

of any size and that more details of this model are available

as compared to others.

Since the model is very complex, some linearization

and simplification was done to minimise computation time. At first,

the simiilation did not produce the desired results and soon it

was realized that several model equations and parameter values were

erroneous . Hence the model was modified and program was run

several times with different parameter values to obtain the most

appropriate ones. The total computer time used in the project

amounted to 25 hours. Another important difficulty encountere-l

was memory overflow problem; This problem has been overcome.

A special integration algorithm requiring only 5 multiplication

and 3 addition, operations with very little memory requirarnente

and computation time has been developed to solve the dif

equations.



4,1 Memory Overflow Problem?

The simulation program for LD converter with all its

subroutine requires a memory space almost equal to the maximum

available memory on IBM 360/44 (of the total memory of 64 2 bytes,

first ^Sh l£ bytes are peimanently occupied by " Supervisory prosram"

leaving Ali K bytes or 12 Kwords for problem program). This *

leaves virtually no space for plotting program which is very

essential for any simulation . Moreover, the plotting program

{written for this simulation) which gives a very elegant output ^

graph and has several options requires a large memory. Therefore

a memory overflow problem was encoimtered.

The memory overflow problem was tackled by using a

miatiphase program execution technique Z~4,5^ having a root

phase commonly known as 'ROOT PHASE MEiilORT OVliRLAY TECHiflQUE'. ^

In this technique, one phase of the program called root phase

remains in the problem program area, throughout the execution of

entire program. The other phases in the program, called 'subordinate^

phases', reside in the system disk and are loaded into the problem

program area as arflwhen they are needed. The whole program is so

structured that the total memory requirements for allphases ^

residing.in memory at any one time does not exceed the size of

problem program area.

In this simulation, the entire program was divided into

three phases namely:

1. Root programCor coordinator.)

2. BOP Simulation program(or simulator.)

3. Plotting Program{or Plotter.)



Fig. 4.1 MEMORY MAP OF SIMULATION
PROGRAM.
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The memory map for this program structtxre is shown

in Pig. 4.1. The function and details of each section of program

are described in section

4,2 INTEGRATION ALGORITISvl;

In order to solve differential eqiiations in the model,

a new in-^:egration algorithm has been developed. Though

several standard algorithm^ are available e.g. Runge-Kutta-Gill

algorithm, Simpson rule, trapazoidal rule etc., it was found that

none of them could be used efficiently and accurately for the

complex situation encountered here. This will be clear from the

following statement of the problem:

Let the eqixation to be solved beJ

—fCz^, X2» Xj, •••I y» "t) .. (1)

Vifhere Xgi z^... » y are time variables interrelated

to each other by equations similar to that for y. The values of

variables y, , X21 Xy and hence f are known from

previous calculations at n discrete points of time viz 0, Dt,

2Dt, 3Dt, (n-1) Dt as shown in Fig. 4.2 • The next value

y can be obtained as follows•
A

y == yo + y,t) dt..C2)

yj^ ® ^n-1 f , ^21 Xj, ••*, Xj^,y,t) dt *>*(3)
1-0 at

Thus yjj can be determined provided the integral on the

right hand aide of equation (5^ can be evaluated. This requires
\

the knowledge of value of function f during the interval (n-l)l)t'^



dt

yn = yn-1 * Hatchcd arco

0 At 2At 3At (n-3)At

(t-2h)

(n-l)At

(t^h)

-Prcdictffd

VQlUQ of f

at nAt

Fig 4.2 DERIVATION OF INTEGRATION ALGORiTHM.



nDt, which In turn involves knowledge of z^« X2» *3* •••• *k* ^

during this interval, These ar^l unknown in present situation

and flone estimation of these has to he made. This prohibits the use

of available teehniauoo (e.s» Huange-Kutta-Gill algoritha will

require the oalculationa f at soae intermediate points during

the interval). Hcnce a new algorithm has been developed which

first predicts the variations of f during the interval (n«l)r^t

n I>t using its past trend and thus facilitates the determinations

of Values of x^, iji *3# ••• *jj at n-Dt can similarly be
obtained from their respective equations. In future calculations,

value of fjj obtained from these values of y, •••» *ic

rather than the previous predicted value of f^^

The final form of algorithm can be stated as follows*

yn • yn-l-' <23 - 16 + 5 V3)..C4)

wliere n n 3>4f5t •••••••

This algorithm can not be used when less than 3 points are known. «

In these cases either trapaaoidal apT/roxination or rectimgolar

approximation can be used.

4»2*1. Derivation of -Ugorithat The given differantlal equation ij?

y Ct^ « f Cx, Ct), xgCt),..., Xj^(t), yCt), t) (5)

Since x^f Xg* •••» Xjj. and y all aro funotions of tine t, equation *

(5) can also be written as

y(t) « f(tO



The Taylor's series expansion for y(t+h) is

y(t+h) « yCt) +̂ y(t) +̂ y(t)+̂ - •y(t) +|l
=y(t) fCt)+J- fCtJ +J- f(t) f(t)..,C6)

If y(t) is assumed to be a third order (cubic) function
of t or ec^uivHlently( f(t) is assumed to be a second order (para
bolic) function of t in a mall interval Ct-2h) - (t+h) around

t( and not on whole time span) then third and hi^er differential

coefficicnuS of f(t) can be assumed zero* With this assumption?

y(t+li) =y(-t) +-jS- f(t) f(t) ...(7)
The differential coefficients f(t) and f(t) can be

deteimined from the known values of f(t-K) and f(t-2h) as follows*

f(t-h) = f(t) - f(t) + fCt) ...(8)

f(t-2ii) = f(t) - f(t) +j|5- f(t) .,.(9)

Equations 8 and 9 give

f(t) = f(t) - 2f(t-.h) +^ f(t-2h)^.(l0)

f(t) ^ f(t) - 2f(t)-h) +f(t-2h)j (11)

Substituting the values of f(t^ and f(t) from equation (10)

and (11) in equation (7) vie get
i

y(t-i-h) « yCt) +-^2 {-3 f(t) -16 f(t-h)-i-5 f(t-2h)] ., Cl2)
or

•=• ^n-l + Dt (23 - 16 5



Note that the values of •••, f^^^ are not required

for and hence they need not be stored in memory, only last three

•values of f are sufficient. Further this algorithm does not require
m

calculations of f at any point other than at discrete intervals of D-t,

ii 0 •} Tiirror Analvsiat It can easily be shown using Taylor's series

expansion that ^

y(t+h) -y(t) - ^ (23fCt)-16 f(t-h)+5 f(t-2h)
« fCt) - h^ f4(t) +IIjj h^ f^Ct)+ ...(14) ^

as Truncation error.

Thus truncation error will be zero if y is a third ^

order function of t or equivalently f is a second order function

of t. For hi^er order curves, the error depends on the 4th pov/sr

of the integration interval h. It should be noted that for very *1

small values of h, though the truncation error is lessj the numerical

calculations error may be more. Hence value of 'h' should be pro

perly chosen. Further since estimation is based '•n previous trend, ^

error will be more for rapidly fluctuating cuirve; e.g. sins cirvo

(Furtunately, in ID converter simulation almost till variables .ai'e

monotonic), ^

In order to test the accuracy of this al^joritliin the

worst caee|3i'tuation of sinusoidal curve was programmed on the ^
computer and the total error (truncation error + computation orror-'

as obtained from the computer io plotted in Fig 4,j.
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4.3 PROGRAM DESCRIPTION;

4«3*1 Hoot Program (Coordinator): The root program serves the
•

function of coordinator between simiilator and plotter. It first

calls for the loading and execution of BOF simvilation program,the

results of which are stored in the common area. The root program

then calls for loadinfi of plotting program in memory and for

plotting the results stored in common area.

During the program development and parameter estimation

stage, this program also serves the purpose of repeating the

execution of BOP and PLOT routine several times, each time with

different values of parameters, so that the appropriate values of

parameters can be determined.

4.3.2 K)P Simulation Routine (Simulator)j This is the heart

of the entire simulation. In its fiml form it has parameters

which specify the type of output desii-ed, integration interval,

the total simulation time etc. The model equationsused for simu

lation are given and briefly dcscribe{3 in Appendix B. Details

can be found in i^uchi's paper £" 2_y. Pig.4.4 shows a flow chart

of this routine. Every attempt has been made to optimize the

program for minimum computation time with elegant output format. .

The result is that the whole simulation of 30 minute process takes

only 10-40 seconds on IBM 360/44 dependiag on the volume of

output desired (E"ote that most of this time is spent on printing

the result ). Following particulars aro noteworthy in this regard'



(a) During the initial development stage of the program, it

waa desired that all intermediate calculations should be printed.

This would have involved several large format statements and

difficulties of specifying exact formats since, magnitudes of

variables were not known. Hence formatless 'WRITE' statements

Tising 'NAMSLIST' were used. This greatly simplified the task of

checking intermediate calculations.

(b) The dimensions of the furnace, the compositions of charge,

and various additives are ai;. given as 'DATA' statements, though

these could very well have been supplied as subroutine parameters

or read by 'HEAD* statements. The latter not only increases the

format statements but also involves the risk oi^ata being wrong

if any format is inappropriate or any data is punched out of format.

(c) The variables and those parts of the equations which remain

unchanged during the whole simulation are calculated only onct and

stored for subsequent use. This minimises the computation time.The

time varying calculations are done later in a DO loop.

(d) The calculation of reaction coefficient^ which involves the

solution of a very complex transcandental equation (see Appendix B)

having exponential and error furctions etc, has been simplified to

a mere single direct calculation without much sacrifice in accuracy.

This was found after relative trial of various equations solving

algoritiuns in a bid to find the one with minimum time.

(e) The integration routine, discussed above has been used reaultin

in considerable time saving. This time saving is important bectajse

this routine is called nearly 7000 times during- each simulation run

(4 integratiOEB are performed each second in a jo minute sinulation

i.e. 1D00 X 4- calls).



ENTRT

DATA/ P.EAD Statementa

Dimenisions of Furnace, Composition of Charge

Temperature of charge, Wei^t of scrap & Flxixeg#'

Initialisation

Set the initial condition of time variables

Calculate Initial temperature of charge mix
Calculate constants such as area of furnace.

.nitialisation of the output fo:

Print Dimensions and charge

calculate the time interval for External Plat

Print Titles for tabiilar output if required

Print scales for internal plot if required.

T = T

time or^
Simulation over

Iiiass Calculation^

IIET0EN

Calculate oxygen absorption rate

Find control variables vliz lance hei^t & oxygen pressure

Calculate oxygen obtained' by di£:30ciation of oib
and liuG stone.

Determine oxyscn diotribution between 0, Si, and Fe
j)Rtorrair.o compoaition and v/cicht of Hot mstal d: dag.

lieat C.n.Lei0.f'.tiori. —

Calculate Heaction lioat generated A cavity surface Temp.
Calciliate wei/vht of.-^iae dissolved in slag.
CalcTolcits various heat loscijs and lanca bath temp.

• 1 "

OT-i.tput the result in. proper
fornat and ctore valuer for ostornal plat.



(f) The output can be obtained in any one of the following

available forms:

i. LIST t Lieting of all intermediate calculations

at any desired interval.

ii, PRINT : Printing of important variables at any

Hi.

desired interval.

INTERNAL : Rough plotting of important variables on a
PLOT

single page. This elimimtes the need for

external plotting routine.

In addition to any one of the aiove options the
A

output can also be stored in common area for subsequent plotting

by external plotting routine,

4,5.3. Lance Simxaation Routine: This routine simulates the

behaviour of oxygen jet issuing from lance, on the molten steel

bath. The equations used are given in Appendix C, J'ig 4.3 shows

flow chart of the routine. In order to minimise the computer ^

time, two additional entry points have been provided in this routine

Viz. LAKCIN and LANCE. The coefficients and parts of the equations

which remain constant during simulation are calculated only once ^

and stored. This is done by initialization routine named 'LANCIW,

To fiirther minimize the computer time, the program has been madt

intelligent enough to check whether the new parameters (lance hei^t •

and oxygen pressure) are same as those in previous calculations,.

If same the program does not repeat the oalculationo but uses the

results of previous calculations itself. This renults in sub- *

stantial saving of time since in a single siraiilation run LANCE

routine is called nearly 1800 times (every second in 30 minute

simulation). A flow cl»vt of the routine is ohovm in Pig, 4-5. •



ENTRY

Declaration Statements

ENTRY ]

Calciilate the constant

Coefficient C1 - CI4 and

store for use by roiitine.

Pai^iuieters same
as in previous
CjJJ-CLilationM.--^

Calciilate Jet Velocity and

Oxygan flow rate,

"

Ugc! Tfev/ton's alrxorithiis

to deteri-jine Ii to 0.001

accuracy.

Use result of

previous calcula.

tions.

Usb nucoesfjivo approxination
al;^ori+.iu:fl. to cl.;2termiLL0 parameter'a'

to 0.001 accur'tcy.

Story Vi;luns for
u.-

Pig.4.5 {Structui-e of J^\ncs simulation Program



The model Involves solution of two transcendental

equations, one for depth of penetration of Jet 'H* and other

another for parameter (See Appendix C). Several known algo-

rithns were tested and compared with respect to their tioe '̂̂ consum-
ption, convergence, and accuracy. It was found that 'Uewtons

algorithm ' converges fastest for H whereas for 'a* "method of

successive approximation " (an algorithm of type xs=fi[x) ) is the

best.

The results of lance simulation program are presented

in next five figures(4.6-4.10).Tiie first one shows the variation

of oxygen flov/ rate from lance as a function of lance diameter

and supply presciire. The next show the variation of

cavity surface area as a function of lance height and oxygen

pressure for different lance diameters.

4.5.4 Timer Routine: It is used to calculate the computer time

required for a program or a section of a program and/or to print

the clock time of the day. This is very useful for any simulation

because one of the aims in developing any^imulation program is
to see that it requires minimum computer time. With the help of

timer routine one can identify the time required by each soction

of the program and modify the pro£TS.ms if necessary.

The program consists of a routine TIMER

and an ASSEMBLY language / proj^ram In IBiiT 360/44, tb5

time of the day is stored by the operator in the 80!;h byte of

memory and is incremonied every 1/50th of a second by a

time clock in the hardware £'ij . The time is stored in :
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units of 1/19200 th of a second. No FORTRAlf instruction is

available to access this time? therefore an ASSEMBLY program,

which tiakes use of supervisor call *SVC 16*, has been written.

Fig.4.iJ shows a flow chart of time routine.

Further intelligence has been incorporated in to the

program, so that it prints only significant units. For example

if the tine taken to execute a certain section of the program

is 0 Hours, 0 minutes, 2 seconda, 30 milli seconds then the

program prints simply, *2 SECONDS 30 iYJLLISECOHDS*, similarly

for 0 Hoiirs 0 minutes 0 seconds 350 milliseconds it will print

only '350 MILuISIj'COKDS*,

4.3»5. Integx'ation Routine: This is used to solve differ-

en-tial equations in the model using the al^^orithm described ^

in section 4.2. To initiate the integration algorithm, it is to \
s V

b9 noted, three successive points on the curve should be available!

In the beginning when only one point on the curve is available ,

a rectanguaar approximation io used; a trapezoidal approximation

is used when two points are available.

It is noteworthy that the routine requires only 5

multiplication and four addition operations for each call and

takes very little time to solve complex differe/itial equations.

5Jbo7/s flow chart of the routine.

4.5.5 tloru-rol Routine: This is used to specify the lance height

ana ^yxygen preuaaro during the blow. It will be useful during

tabbing oi control algorith^is . At present both the control

variablaa are aonimad conatc-jit throu^out the blow. However hard

ly OJU-! or tv;o stat'jiaent;-! will be required, if these variables

-ire l;o be v?iried clui-ing the blow.



NTRT

CAIb TIME
Cret tiae of "the day
and store.

iime required is clock,
time or interval time?

Wo '
Interval time.

SulDstract the clock
time of previous
Instant lu

t

Convert the time to
Hours, minutes, seconds
and milliseconds.

Print tli-s time v/ith
minimum unite.

RSTM

Tea
Clock time

Fig.4.11 Flow chart of TIMER routine.

Kumber of
lOiowu^oints

trapozoidol
a|)-)roxi;-.iatiou ^

Us© re--2ctangular
approximation
71=70+ h.fo

^ 3:n-3)-0.0033

Shii't and store last two
valji.°3 of fo.i' future use.

yip;, 4.12 Plow chart of Xn-'ve/rration routine IH!]?



4«3i7. Graph Plotting Routiae: (Plotter): This ia an excellent

plot routine having several options such as:

(a) Only one or more variables can be plotted on the same graph.

(b) In case of single variable graphs, the space below the

curve can be hatched if required.

(e) In case of multivariable graphs, the scalefor different

variables may be different or same.
*

(d) An internal grid io plotted on the graph, only if desired.

(e) The scales and mR:riniim - lUnimum values of variables may

or may not "be cpeoified. In the latter case, the routine

calculates these v^aues.

(f) The graph plotting aay be started on a fresh page if required.

(g) The foi-mat of scales printed of the graph can be either E

format or P format. P format is easy to read but its range

is licited, v/ith •!; format any small or high value can be

printed.

(h) The hei^'ht and wi^Uh of the graph can be specified upto a

maximum of 100 linvjs x 100 columns. The program has built in

safety if no^-ativs or larger than periaitted siae is specified.

Ill suc-i casds a f5taridarcl size of 80 x 80 is used.

(i) A title if sipscifii-oi will be added below the graph. The

progrfiiii auhOMiatio^iXly centers the title and positions it

propevly der-'j idij; ; upon tl-io length of the title.

It- ia obviouij ^.Iiat the lar^jer the number of options

the more co-ri^jlex '.vill b^> the program. This routine requires 25 K

bytea ol' tne^aory vm IM Though routines requiring lessor



iNj^:rpQ .I?

IS size prouer
0 < ILIHi23^1O0

S^ICOLS < 1Q0

IOALI.TY =1 ?

IDIFSC=0 ?

Calculate the scale
for each column of 1

IGEID=1 B

IHATSH=1 ? *€-3-

Mark graph points
on o\it-)ut mai

Print the output

I(riTLS=:0 ?

•RETURN

Set the paper
to the top of a new
page.

Set the BtandarcJ size
of ii>ii'n])d=8o

ICOLS =B0

Calculate the min-sax
value for each column

T

Set the minimun -max
values of p.ll column of
Y v-iriahloij as r/r-ne*

STiiko a grid on output
matrix«

Nusioor of croas? varia

^bl-c^ is 1 ?

Karls graph poiats on out
put iratr±4 th©
area belov/ gra-^i.

Print the title s,t vhs
coucra of

Pis. ^• '̂S Flow chart of P'r.OT



memoiy were -tried, they were very complex and time consuming.

This routine has been selected in view of the elegance of its

output and the flexibility offered by its n\morous options. It

takes merely 15 to 20 seconds to plot a graph, depending upon

the number of cross variables, ^number of variables to be plotted

on a single ^raph)- Fig.4.13 shows a flow chart of this routine.

4,4. .-'•Snmla-hion rlesults:
«

In its final form the program takes only 20 to 30 seconds

for complete simulation of 30 minutes heat . However, addtional one

minute is required to plot tho results in a gi-aphical form if

desired. The graphsehow variation of followins important variables;
tfk

(i) Bath Composition G & £i)

(ii) Oxygen distribution (Spniong C, Si and Pe)

(iii)Eath temperature •
m

(iv) Total weitiht of slag and wai^hts of CaO, SiOg
and feO in it.

Tt/o sots of results for follo;-ving lanoe hei^^ht ana oxygen *

pressure combination^have been presented in Fig,4,14 to Pig.4,25

(1) lance height =1.0 m.
2 ^

Oxygen pres ure «= 10 Kg/cm

(2) Lance height = 1.5 n.
p

Oxygen Pressure = 10 Kpi/Orn'

It is evident from the oompi%ri.'3on o.!;" th^j two seia of ,'graphs that

for lesser lance height, oxy.-ioa efi.3 ;ii,^er (aince carbon

is reduced to a lower percentage) and end point temperature ^

is more.
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Undulations in the teaperature curves due to additions

of lime and ore during the blow, are clearly noticeable. The

results also -show - the computer time used in computation.

4.5 future Modificationss A better correlation between simulation

results and actual process can be obtained by further modifying

the model equation, parameter values and simulation program. In

particular the following modifications are suggested;

1• Incorporation of Sxhaust simulation r2j

2» Further improvement in Lance simulation model JTlJJ

3. Proper accounting of cooling effects of scrap melting /3_7
and limestone or ore dissociation.

4, Proper adjustment of values of following parameters.

i« Heat transfer coefficients and H^)

ii. Activity coefficient of silicon (K^).
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CHAPTEH

C0\:v-ITT3P. nYOT-"::n A?T0 I;V3TPUV-':r;TATI0K

5*1 for C-ra:vj.-tnr Contrc

Camnutar Control is essential for Lb convortcr

operation due to the reasons discussed below and suEuaarizod

in Table 5.I.

1, Fasb Dynamics of the procoesi The total blowin/y tlao for

one ho?.t of 50-250 tons of steeltn/ifeinfj by LD converter is norely

J?0»"'50 fnlnutc'J ag op' oood to 9-10 houra by oonventlonal open

hearth furnr-Cea# It io generally dr-n nled that all the heato be

conti-olled v/ithiu th<» tolon^nce of 0.02'/. in carbon and 5®C in

tenpffratur-:? without slopiiing &sparking ra. In order to atop

blcv r^finln,: procesa wiiich ia procoediag at the dooarbonizatioa

o?G8d of 0.1?'' par win at the dooired point, it ia aoas'^ry to

accurately sat tho proceao with an allowanoa of only JO-J 2 sftconl-'?.

-OTQOver, tho reactions inuide the converter are hi^,:JLy violci^t,

Th'tB XiD converter requires a control ayaten with

to Bonse, Jud^o and initiate control action in aooonda

tiuo in a violent onvironacnt# The prscioo control of theso faat
a

>peration io bsyon^l tho c^pabilition and jud^^oaoijt of^huajan operator#

C>toch'i:-tie tin3 Metaataisle ^^ature of the i^rooesnJ -^"ho decarbu-

. i.salion curves f jir two iieata with exactly ainilar blowing practices

riro r.ot alv.'a:,'3 a-po as «.iovm in C* ^he laoQ-l; obvious

9X;^Xtrs':tiou .'or variation in decarbui-isation path io tint tho

physical filffpoaitioii of ecrap within the vcaael and/or ita oiao
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affect the degree to which the scrap acts as a baffle and intar-"^
fores with the devclopmcat of both turbulonoe*

M and co-v.'ork'jrfl ^3 ^ have, however, ohown that

different dec.irburi.^ation patha cnn oxlot ev^n when only iron-

carbon nolts ara fclovm v/i-';bout tiny scrap# The cooclunion io that

that the proc?sa io m'^tastablo, that is, minor differences in

oheaietry or blov/inr perfoi-aauco nay load to major differences

in paths of refining. Thia stochastic behaviour of the process

tcakes the manual ooatrol with a fiiced standard practice less

reliabl?^*

iii» Unavailability of '-ircct ^•saoureaont^: Ihe inaocesoibility

of tho bath, tho violonco of rouotioua aa well as high levels

of toopcraturo in the biiMi cjiiko direct neaeurcnente of important

variable liko carbon ancS teiavoiCiture iwposoible. The tine delay

and noiae introciaood by in-Mroot KstiioJo e«t^. via exhaust £,aa

analysis necesi^itate 80:;.i) kir.d of prodiotioa and filtering tech-

niquen to be incorijorat"in tjjnSrol schemes* This task is alr.oot

imposL-iblo for a h\:;.r.ar* o^^-ijratoro

iv. Increased Productioft-r sV?,lh aianual control, it has been

exoerier.co that !50v^ tc oi' heuts will have incorrect end

point coii3itiort=i an.! hsrce require corroctive meaaurca A roblow

o?.ten'ia the nroc^ j^i tia<? 20«;f0^ and reducos the number of heits

por day ard h.:- :c9 iia of tho ay-itom# V/ith coaimter

onntrol, tho p.-or;;)vti.)n "s.: of^ r^golJAcation heats is eor.i;iderably

rcdacn;]. I



Table 5-I:Reason3 for computer control of LD converters.

1 • Fast dymmlca of LD process

2« Stochastic and metastable ziature of LD process,

Unavailability of direct measurements.

4« To reduce the number of off specification heats.

60

Significant improvement in the quality of product

can be achieved with the help of a real time computer. A real time

computer is versatile and flexible enough to provide an effective

and economical control of LD converters. The pay off period

based on savings due to reduction in scraploss, iron loss in slag,

In flux requirements and further increase in production by reduc

ing tap to ta? time etc is claimed to be 4 years.

5.2 Computer Functional^

A real time computer installed for process control of

LD converters can perform several functions, depending upon the

level of control (data logging, operator guide, closed top control)
~j A duringL 4^• A common practice is to use data logging only/tho first

year of installation of computer and slov/ly incorporate operator

guide and then closed loop control.

In data logging phase, computer's only function is to

scan the various process aignaOa and record them. In operator

guide phase, computer calculates control variables,however,
control action is actually porfonuod by process operator. In close

loop mode,control is done directly the computer.



W A

Various possible computer Sanctions in the most

advanced stages are discussed below and summarized in Table 5-IIi

5.2.1. Charge calculation: Using a static model the computer

can calculate the weights of raw materials like hot metal (from

blast furnace), scrap, lime etc required to achieve the specified

end point conditions.

5«2.2. Sequence Control: It consists of identifying a series of

steps in vessel cycle by automatic or manual signals sent to the

computer, so that the computer has the possibility to know what

point of operational sequence has been reached. The instants

identified can be for example:

- start charging scrap

- start charging hot metal

- start blov/ or reblow

- charge flux

- end blow

- tap heat.

These signals serve also for time records, so that the

main operations of the cycle can appear on the heat log,

5.2.3 Dynamic Control: '.".lien the signal 'start blow' is detected

by the computer, the lance is lowered and oxygen opened under

control and from this timo on a scanning cycle is initiated. iSvery

five seconds, for example, information is read from the gas analysis

system ard computation of .total carbon having left the bath as well

asdecarburiaation rate is lado. In a close loop installation tho

conputer directly controls tho process using resiilts of gas

analysis . The different control schemes used for LD converters have

already been discussed in Chapter 3.



Table 5. Ill Ftinotions of computer control Syetemst

Fanotlon

1, Static
Control

2« Sequence
control.

3« Dynamic
Control.

Objective

Aimed end point
specifications•

Partial automa
tion of opera
tions*

Adequate blowing
conditions and
Aimed end point
specifications•

4, Adjusting ^fepping Temp,
calculations. Laddie carbon.

5. Laddie Deoxidation
Addition Laddie Analysis.
Computation.

6. Adaptive
Control.

7» Data
logging.

Correct
i^del.

Heat sheets
shift report
daily report.

8. Spectrometer Wetal and gas
Interpretation analysis
and limit accuracy,
checking.

9» jJonitoring Detection of
Equipment Faults.
Status.

10. Back-ground Off line tasks
functions.

Action Inputs data

wt.of hot Aimed steel weight '
metal,wt«of Molten Pig Iron Coiap-
scrap, wt.of sition,
KLujc, wt of Desired end point
Op composition.

Desired end point
Temperature. '

Automatic
action and
displays.

Process Data
Manual Input.

Lance Hei.jht Gas analysis
oxygen flow- Bomb theraocuple
rate . reading.

Cooling time Bnd point Temp,
coolant v/t. End point C
Reblow time. Aimed tapping temp.

Aimed ladcSs C.

Coke,Fe-Jdn
Te-Si

Si-LIn, and
A1 weight.

2nd point Analysis
Aimed laddie Aiiil,
Alloy ^ L yield
Alloy cast.

Parameters System perfomance.
Adjustments.

Data losing. Operation control
data.

Technical anal.data
Daily data.

Calibration Bpoctrometer
and inter- signals,
pretation of
spectrometer
signals.

Indic^ation Process super-
to-operator. vision cisnalo,

Program.



5.2.4 Adjustins; Calculations; After the 'end blow* signal the

final metal composition and temperature are measured and sent to

computer. It decides whether any adjustments such as cooling

or reblowing is to he done and if so it prints outJ

i. Coolant weight and cooling time*

ii« Heblow time.

Laddie Additive Computations! During tapping laddie

additions are usually made to raise concentration of non-ferrous

elements in steel to the level suitable for the grade of steel

being manufactured. .

It is important that the laddie addition be made

accurately and consistently. This is because the grade specification

can be missed; entirely by misuse of additives and that the

several of the additives aro expensive. Therefore the additive

calculations are performed by the computor and displayed to the

operator.

5.2.6. Adaptive Control: Adaptive control is a way of learning

from experience. The computer maintains a running statistical

appraisal of the system performance and adjusts the control model

to compensate for trend errors. Such adaptive corrections v/ill

over a long period improvo, the models fit to the process. Fig 5-2

shows the statiCi dynaiaic and adaptive controls diagraraetically^^Vj/

5.2.7. Data Logging: A log can be obtained for each heat, each

shift or each day.
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!• Heat Sheets: The heat reports are generally written on

paper carrying pre-printed headings in plain languages. The

heat sheet can be more or less elaborate depending on the amount

of information that the user will deem necessary to keep for

records. Generally speaking, it could contain all information

from the arrival of blast furnaces metal to teeming or even

stripping information.

il. Operator's Sheet? This sheet supplies the operator with

all instantaneous information that he might need in the control

of the process,

iii. Shift report. This may be done on a separate typewriter.
heat

Informations about each/is typed in one line. At the end of the

shift, the summary of all the heabs in this shift is recorded.

iv. Daily report and Adminlsti-ative Tslanagement: Eysry day the

computer may issue a report on the administration management, which^
for example may include the total amount of material consumed

on the day before and similar information.

5.2.8 , Spectrometer Interpretation and Limit Checking: Vacuum

spectromoters are coKmonly uaed to determine bath chemistry. They

can be linked directly to computer, which provides interpretation

of the count information received from the Bp&otrometer and cal

culates the •percent analysis' of the er.mple. In addition the

conputer provide.-? a nu-nber of limit checking functions and avera.^inr

furiction»«

5»2.9. r.:onitori:-'is Kq.aipmenb 'Jyatus: The computisr can be u3od to

signal defects ;ln bloviiig ecraipment, fan motor and cieasurin^

instrumeivfca. It can also ai^ainst for'^bidden co^-abinations



C5 •
A

of input data (for eiample a "bath temperature of 36OOOC may not
"be accepted by computer) etc. This kind of monitoring effort
may. prevent some of the occaoional mistakes which result in
injuries, severe equipment damage, or material losses of many
thousands of rupees.

5.2.10. Back ground Functions: Reported results in the case of
M) converter computer control C 8_7 show that in the data logg
ing stage, only 10?^ of the computer's time is taken up by the
operations described ahove; in the operator guide stage this
proportion rises to 13^-. It will not exceed 30;^ in the most
advanced dynamic control. Thus there are huge possibilities of
carrying out other tasks such as "book keeping, cost accounting,
production reporting, inventory management etc. This results
in considerable saving in expenses on management functions.

5.3. Com^uter_Conti2l_32Stem_and_Seauence_of_its_functi^^

Various possible control computer functions have already

been discussed in section 5.2. However, "fihe actual functions
utiliaed vary from installation to installation: . Arepresentative
example of the timing sequence of various computer functions and
LD opeiations is shown in fig 5-3- It is very commonly used
with medium sized computers, t 5_7.

Fig 5.4 shows a schematic of commonly used ^

computer control system organization. This schematic is self-
explanatory. L 9 _/•
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DIGITAL ENTRIES

TO CHARGE PANEL

Hot Metal Analysis,Temp.
Scrap Weight
A\irn End Pent Temp.
And Corbon

ANAl.06 INPUT

Oxygen Flow Rate
Lcncc Height
Weight Gas Flow Rote
And Analysis
(C02,02,H20)
Sample Pressure

digital ENTRIES

TO PULPIT PANEL

' Bon^ Temperature

Coolant

And Carbon

OUTPUT TO CHARGE

AND PULPIT PANELS

AND LOGGING TYPEWRITER

A

DIGITAL Hot Metal Weight

COMPUTER Flux Weight

Charge Pellet Wciqht

Dynamic
Model

Update I
Models

digital OUTPUT

TO PULPIT PANEL

Recommended Oxygen

And '"oolont

J Updating Of Chorge,
I Carbon And Temperature

Control Models ^

Fig.5"A:S!MPLIF!ED DIAGRAM OF LD CO^; '̂ERTER COMPUTOR CONTROL
SYSTEM.



TYPE OP CONTROL COJgUTKRS MD PERIPHflRALS:

The eelection of the control computer i£3 a difficult

and crucial task in any computer control project* The character

istics of competitive offerings must "be compared and evaluated

In terms of their ability to satisfy the requirements. The problem

is compounded by many features that are available, the typical

requirement for special features, and the lack of common speci

fications and terroinolosy.

Different persormel may have different criteria for

selecting a control computer. The microsecond speed of the CPU

alone does jxot have any meaning. One computer may compute tv/ice

as fast as another, yet the &.dvanta/je is last if the speed can not

be utilized because of an I/O limitation. Similarly a system can

have overall hard.vare advantage tliat are all but worthless if

pro£>'rammin^ cystcras are ViOt available to utilize these features,
ihe

In developing couati'ieo li--:& India,^ Troblem is further complicated

by non-technical reasono e.g. availability of foreign excl^ange,

political rslati-^ns with vendor couritrios and so on.

Therefore, on3 may conclude that it is not of much use

to compare the coisputera at different installations of the world.

ITeverthele.ss, such a co;ipara :;iv© a i;:cdy gives an idea of the

capabilities anCl kind of coMyaters reciuired for a typical appli-

cation, tn case of.JiT> converter, therefore, such a study has

been dono and a L^uiiiaary is pi-JoGntia in i't^ble 5-III. It can easily

be coaclucl>5d fro;?, this iablw tliat a 16 K core memory with a disk

for "baokuj is cuificient for a LD with 2-3 converters.



Table 5-III: Control Computers Used for LD Converters.

Installation Capacity Computer Core World Cycle Back up Ref.
Uemory length time memory
in words

1 • Uuroran V.'orkB
(Japa Ji)

2, ABBED
(Belgium)

HIDIC-100 16K

IM-1800 16K

16 bits 2}xb 64 SC-V .
+ parity drum ,

(10ms)

16 bits 4}is 5l2kz2 /^qJ
+ parity Disks
+ memory

protection
bit

3. Chertal worlis 120 tons IM l'l30 BK 16 bits 3.6fis 512K £"17W AA w A « '

(Belgium) 16 bits 4 )ia

16 bits 3.6 512K/"12J7
^s 2iek

IBM 1SOO 16 k

4, Cockerill- 180 tons IBM 1130 8 K
Ougree x 2 +
Providence (IBM 1050
steclv/orks (for data
seraing processing)
(Belgium)

5, j A I Westing- 16 K
Cleaveland House
(U.S.A) Prodac-250

6* Chiba works 150 tons Honeyw
Kawasaki steel z 3 DDP-51
Corp.(Japan)

7, Mizushima works^ LDS Uelcom
Kawasaki Steel Total 350/30
Corp.(Japan) 3,5 ^

tons

per yr.

4.5jttB CsJ

150 tons Honeywell 16 K 16 bits 0.96us 160
z 3 DDP-516 + lisk

^ a Iparity

32 K 262 ^ J
Mag.
drum

8. Pukuyama V^orks 180 tons IB;.1 1800 16 K 16 bits 4 }XB 512 K^"l_7 ^
Nippon I-okan x 3 + ,*2 each x 2

Disks.
Nippon I-okan
K.K.(Japan)

X 3 + X 2 each
250 tons (with IB:vT

X 3 360/50
central
computer)
RW-3009* Usinor Plant

at ?03nain
(Prance)

lO.Italsider Eagnali
(ITALY)

H.Tarant Plant
(ITALY)

CAE-510 8 K 13 bits

CAE-SIO 8 K 18 bits

200 Z"6
drums

200 K J'
drums



A similar survey of peripherals used at various

installations shows that for a typical ID shop following peri

pherals will be generally required:

1, A card read/punch or paper tape read/punch for program

input/output•

2« A fast printer/type writer for heat, shift and daily logs.

3* A teletypewriter and a operator's console for operator-

computer comnunications.

4. A teletypewriter to servo as a tack up.

5. CRT display may be n;;ided at an advanced stage. (Most of the

Japanese steel planta are usin^j CRTs).

The code used for coniputer - process communication is

also an important considei-ation. A single error detecting ECD code

with odd parity bit (to increase reliability) has been successfully

used at AHBSD steel plant Belgium /. B_7 • A very interesting

paper on signal transmission in a computer controlled steel plant

has been published rocently by Shiraaatsu et al /" 15 J7.

An idea of the size of process interface controller

required for an LD shop can obtained froai the example shown

in Table 5-IV.

Table I*® VroceyM Intcvrface Controller /

Interrupt

Input Sigml Di^ijital oi/^cAi

Arsalo,2 rj.:_ji£tl

Output' Si.f.jial

Di'dtE'l

"teppin-j yotor-.-iJ

Analog

96 Channels

768 bits

72 channels 0 + 50 mV

One shot 564 bits

laip flop 400 bits
2 12

12 nhannelo 10 bits 0-20iij5



5.5» Operator's Panel;

The communication between the operator and the computers

system is of paramount importance. It provides the operating

personnel the ability to guide and monitor the process.

U) converter operator's panels, in general, include

eontinuous display of the key variables, setters for input and

push buttonsto transfer control. The details vary with the number

of converters, level of control (data logging, operator guidance,

closed loop etc) and method of control (^.as analysis, fi^etempe -

rature etc)ancj so on. For example, a panel in a dynamic closed

loop controlled shop consists of following 16 7 :

Disnlav meters

Slag weight

Finish Carbon

Carbon removal efficiency

Bath temperature

Estimated Tap temperature

Setters

Measured Bath Temperature

Maximiim finish carbon

Minimum finish temperature

Lance hei{rht

Oxygen flow rate.

Push "buttona

Reset

Irlanual

Lance - Autoraatic

Oxygen flow rate-Automatic

PiniDh blow.

^taiuj dls:3la.y li.-:hts

Silicon blov;

Carbon blow

Finish blow

In the. ..above case, the operator's only duty is to set maximum

finish carbon and minimum finish temperature and once ignition has

been established, to puoh th'.- "bvo a.itomafcic buttons. At the end
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Of heat after the oxygen has been shut off and the lance raised,
.y-

the operator pushes the manual button to take over control and

the reset button to prepare the computer for the next heat.

On the other hand, in a operator guided installation,

wei^ts of 2"av/ materials (hot metal) fluxes (lime, fluorspar,mill

scale) coolant (iron ore, scrap, cold pig iron) and laddie additives

may also be displayed or printed on console typevrriter.

5,g Interfacing yubsxstems_and_In^ruments£ There are a large number

of subsystemsv/hich must interface with the process control co-aputer

Some of the more important of these subsystems are briefly

described below and listed in talle 5-V.

5.6.1. Lance positioningdrive and regalator: The distance from

the lance noasle to the bath can be obtained by a numerical decoder

coupled to the lance winch by means of a differential mechanism. A

seperate device is generally provided to check at regular intervals

the distance from the bath to a fixed reference mark; the differ-
coder

ential displacement of the/disk serves to correct any possible error

in the determination of the level. Another method commonly used

to measure lance position is by m^eans of a slide wire ti-ansmitter.

5.6.2. Oxygen measurement and Control System: Oxygen flow rate is

generally measiired by means of an orifice plate; a remotely located

flow meter senses dif^fprontial pressure across an orifice in the

oxygen supply line JT MJ . It then transmits the signal to

an indicator, a total integrator and a batch integrator on the

pulpit panel.



Since quick starting and stopping of oxygen flow

is desirable a piston oporatsd blockins valve and a solenoid valve

are provided which operate froa close to open in 2 seconds.

Oxygen pressure in the oxygen supply header is Indicated

and alarmed when lew. Oxygen lance pressure is displayed in the

pulpit.

5.6.3. Lance Cooling water SysteraJ A remotely operated motorized

valve can control the lance inlet vater flov/j with an indicator

displaying the valve position.

Lance inlet flow and pressure are measured, recorded

and alarmed at unsafe conditions. Low flow indicates throughput

failure; lov/ pressure indicates the puicp failure.

Inlet and outlet teaperatures are recorded sequencially

on a multipoint recorder. High outlet temperature is alarmed

Indicating inaufficienb coolin;; wate?; flow.

5.6.4 Vessel Coolant i?ysteni (Fin:: Satching): Generally each vessel

will "be provided witri a flxix "batching nystem comprised of the

necessary v/eirh hoppers, vibratiu'^ feoders, conveyors, etc to

preweigh a batch of fliix citeriiO-s for each heat in accordance with

preset instractions from an oporetor or fi-om the computer control

system. Kormal.ly, operations o:c' this batch system is indicated

from the central opei-ator'a pialpit. 'Ut^^rnatively in a tv;o-ve3sel

shop, a Gin^e flxu batching- eyscea may "oe shared by the two vessels.



5.6.5 illoy addition system (-^illoy batching): There is normally

an alloy batching system for each vessel which again "batches"

out the required alloy additives for addition to laddie ina accordance

with instnictiona fi-om eltJier an operator or the ccuputer control

systen. Once a^ain, operation is normally initiated from control

operator's station.

5.6.6 C-as sampling and analysis system: The gas sampling and

analysis system is critical to successful operation of the closed

loop dynamic control aystoas. Accordingly, the dosi/jn must be such

as to achieve reliability and maintenability conaistant with steel

mill prao'dce. The following measurement techniques are commonly

used L ^8 y •

- COg contents in the fumess obtained by mean of an infrared

absorption analysis,

- Og contents in the fumes: by means of a paramagnetic analyser.

. flow rate of water injected into the fumes; by ^P/I

converter unit connected to an orifice plate.

- the Glectric power consumed by the fans a signal proportional

to this power can be obtained by tv.'O watL-aeter method.

" the teapsjature of the fumes entering the fan-.by a platiniim

resistance themoioeter followed by a converter,

- t!'.c inienaity of radiations emitted by the fumes: by germa

nium or 3ilic;s.D photocell.

The nrecisuro of the water into the fuses is also recorded

and a j.ov/ p::essure is alaraod, indicating' needle failure. High

terapevaturcs in the exhaust <?as n;ain, located after the precipitatoT

id 411:^0 alarnt.-cl. Tho vacixuTn c^f the exhaust system, is measured

racorded and alarmed when low . low vacuum indicates an exhaust

f-'in fnilure or an insufficiently opened fan damper.



5.6.7 Bath temperature measuring eyfltemi A disposable sinker

thermocouple is commonly used to measure bath temperature .

The therraocuple and the associated release mechanism are critical

to an effective dynamic control system. Accordingly the system must

be designed to not only provide feedback information to tho computer,

but to receive control impulses from the computer,

5.6.8. Vacuum Spectrometers8 It has become essentially standard

practice for most basic o^sygen steel shops to utilise one or more

vacuura spectrometers as the bHSic aean of detenEiniU;? butn chemistry.

The spectrometeriJ are linked directly to the coajoutcr, the latter

providing interpretation of the coxxnt information received from

the cpectromotor, and calculating '.;hc "porcent analysis" of the

sample. In addition, the computer provides a number of additional

limit checking functions and averaging functions. Again the spectro

meter must be doai.nnod to not only provide feerl-'oack i:\foii:;ation

to the computer, but to receive control impulses from the computer.

5.6.9. Hot metal and scrap scales: The LD shops usually- include one

scrap preparation scale in the scrap yard and one scrap triw seals

at the furnace chargin,^ level. One or t^vo hot Botaj. •-voigli statio;i3

are normally utilized to weigti out the hot laotal froit; the submarines

which transport the hot mstil (iron) from blast furriuce, iiot metrJ.

wei^hout is controlled from tho hot metal weigh station located near

the hot m?tal track scale and is pei-foncod in accor^Uince vr\ bh

instructions from the computr^r control syrjfcGm.



5*6.10 Operator's panels Operator's panel nay be used to

introduce the nu'nerical data which are not supplied by measuring

instruoonts connected to the computer at that particular installa

tion (e.g., the teTiperature, the alloy addition in the laddie,

the scrap wei^-ht cl^rged, the data related to teeming, the corre

ction of errors originating from the failure of a measuring instru

ment with an autcTiatic output)«

Table 5'-V: fiubsystens to be intefaced with computer.

Lanci poritionlns drive and regulator.

Oxygon ra-^aaurement and control systems.

Lanes cooling water system.

Vessel coolant systems.

Alloy adrn.tive system.

Gas sampliias anl analysis system".

Batb teiap^?rature measuring system.

Vacuum cpy itrorp.'iiiers •

Hot DietaJL and ;?Cx-ap aoalos.

OneraUi:"^! panel

5.T• /,Ii A OOijPUa'KR COl'Ti'.OLLJjJ) LD SJIOP;

Tlie neaf:'37.r-?ient5 can be divided into fol?-owing three

ctitGi~o\'iOK, accorrliag to their intcudod ticageo*

1. u-j- d to control the process.

?, U33d to su.oervLss the operation of the plant.

5. I-ivasureusiuts siiisurins the safe workiug of the plant.

3-^1 a ger.oral idea of measui-ements made in a

typical L2 plant Scanning is generally done every 3-5 seconds,
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5.8 STCTSORSt

5.8.1. Desired Characteristics: The sensoriplay a key role in

dynamic control. The process control sensor must posse® the

following properties:

1 • iie-petitivity

2. Easiness of operation*

3. Durability

4* Cost*

Very often, the actual plant results (i.e. measured

values) are compared with the results predicted from a model. By

such a comparison, it is not possible to say whether the sensor

is wrong or the system nodel is imperfect. A good discussion on the

effect of instrumentation errors on control of "basic oxygen furnace

has been given by Fisher 19_7»

5.8.2. Bath Carbon ».feasurement: For continuous, however

indirect, neasurement of carbon, exhaust gas analysis is very

commonly used. In this method, it is cominon to determine first the

gas flow rate and percentages of CO and CO and then the product
2

of the two is used for decarburization rate indication as explained

belov^:

Decarburiaation rate C- ) = K* Tlow rate* (sS of (CO + CO^)
in exhaust gases. )

Bath carbon ^ = CO -

inhere K = constant

= Initial carbon content.

t as Time.

A schcmatic of the decarburization rate indicator is shown

in Fis, 5-5.
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5*8.3 Batli Temperature Measurement: The most commonly used

method for temperature measurement is "by an expendable thermo

couple (i.e. a thermocouple which is destroyed after noasuremsnt)

variowjly kno'-vn as Bomb thermocouple. Jet Bop, Sinker thermocouole

and so on. It consists of a thermocouple junction with a cast

iron "sinker" and a long extention wire. Using an appropriate re

lease mechanism, xhe thermocouple bomb is dropped into the vessel

at an appropriate time during the course of the blow. It survives

' for sufficient time to allow bath temperature to be sensed and

recorded b" the computer.

Recent papers (on LD converter control)in Japanese

lan{?uage frequently refer to "sublance" method of temperature

measurement. Hov;ever, no literature in English language, as far

as the author is aware, has described this technique.

5»8.4. New Sensors Proposed: Por a* very long time, the main

stigma in ID converter control was the unavailability of reliable

and accurate sensors partictilarly for carbon and bath temperature

measurements. Several industries therefore started working in this

direction. Table 5-VII lists all the attempts made till todate

in developing new sensors ^ 5_7«

References:

1, Pujii 5., 'Computer Control for steel mill employed at

Fukuyama works of Ifappon Kokan K.K,Proc. Int. Customer

Executive Seminar on Computer Control of Iron and Steel maJring,

January 1972, Paris.



Table S-VIIi Dynamic Sensors.

Continuous
carbon.

Intermittant
carbon.

Continuous
temperature,

Intermi.ttant
temperature.

Continuous
slag formation.

Interaittant
slag fornation.

Method

Flame-photometer

Sxhaust thermometer

lance cooling water -

thermometer.

Sxhaust gae analyser

Szhaust ^s -flow meter

Decarburization rate meter

Ueer

Sumitomo•

CKKU

Nippon Kokan

J & L

Yawata

IRSID, J&L, Krupp,
Ifawata, Sumitomo.

Sublanoe carbon determimtor Kepublic,Bethrehem,
Kippon Steel.

Bomb-carbon determinator Kobe.

Vessel wall protective t-ube- I^x-planck,Kobe,VOKST.
thermometer.

Vessel wall-Kuby-tv.'o colour BISRA
pyromster.

Vessel wall- * ^yro- USSR
Aater cool-tube

meter.

Sublance-protective tube
thormoco'apl e.

Sublance -ISvo colour
pyrometer.

VOEST

Sumitomo,Nippon

Sublance-protective tabe- VOUST
thenaocouple

Sublance-Expandable-thermo- I-Tippon Xokan,tawata,
couple. IJippan Steel.

Bomb-expendable-thermocouple,J3:L, Kawasaki, Yev/at.^,

iVistlo Lance

Audiometer.

Ilippon Kolcan

Kippon !'oiii7j,C-:i'R:.L
iiinn-^snann

Lance electrical conductivity.^'rupp

Oxygen balance uetor. '.Dot rcuiid

Sublance eloobric pole aatiioc..
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CHAPTER-6

SUMTJARY AND CONCIiUgiOIT

Computer control of LD process of steelmaking is

an important issue currently facing the nation because the

large demands of steel in India require installation of fast

methods of steel making like LD converter', which produce 200-

250 tons of steel in merely 20-25 minutes. However, the fast

dynamics of this process, the large capacity and stochastic

nature of the process as well as the unavailability ofdirect

measurements make the manual control very difficult.

The main control variables of the process are lance

height and oxygen flov/ rate. The control objectives of the

process are to minimize ejections from the furnace and to simul

taneously achieve specified end point carbon and temperature

within minimum time.

These can be achieved by static or dynamic control

schemes. The dynamic models of LD converter proposed till todate

can be classified into three categories viz., models based on

reaction mechanism, measurement based models and models using

modern control engineering techniques. There has been a very

limited work in the applications of modern control theory to LD

converter control . However, recently several researchers have

started appreciating its need.

A simulation of the LD process on IBM 360/44,with a

view to test various control schemes, has been done.



Bimulation provides a time history of important key variables

like bath composition, bath temperature, o^qrgen distribution,

Blag weight and its composition.

Computer (in a LD plant) can perform static, dynamic,

sequence and adaptive control functions in addition to data legging,
»

and monitoring instrument status. The computer shoiald be inter

faced with various subsystems like lance position control, oxygen

flow rate control and gas analysis subsystems etc.

The unavailability of direct measuring sensors was

the main hurdle in the development of better computer control

schemes. Kowever future prospects are bright since several ins

tallations have started to seek solutions in this regard.



APPENDIX-A

STATIC MODEL FOR LD COrrVfiRTER.

A static model is a set of mathematical equatiois which

make possible the calculation of quantities of scrap, line and

hot metal needed to attain the specified end point specifications,

A detailed derivation and explanation of the model equations,

presented here, can be found in Slatosky's paper (l). The assump

tions made in its derivation are enumerated in Table A,I.

table A.li^ A3SUr>IPTI0^_USijD_TO ffRITB__Tp_HSAT_BALANCS.

1• 95^ CO and 5^ COg is formed in bath.

2, CO and COg leave furnace at average temp.of 2700®F,

3, All SiOg and combine vi.'th lime in slag,

4, Amount of fume loss is constant at 10,000 lb per heat.

5, .Pumes leave at an avg.temperature of 2700®!",

6, Slag and metal have same temp. 4t turn-down,

7, FeO and in the slag replaced by total FeO,

8, Heat losses are for a steady state.

9, Compositions of ore and mill scale are 47.5 pet FegO, and
47.5?& ^6^04.

10, All heats are blown to approx 0,05 C in about 20,5 min with

an oxygen flow rate of 6500 cu ft per min. ^
11, The following variables are considered as constants!

Blowing Time
End-Point Chemistry (C,Si,Lin,?, and Ti)
Iron Chemistry (P and Ti)
Pume Losses
T?atio of CO and COp Formed in the l^th
Slag Constitutents (TiOp aiid ^"0^5'
Heat I-ost through the rumace £ining.



In general for any thermal process a heat balance

equation can be written as fallows t

Rate of

increase of

Heat j

' Rate of

Income of

s Heat

' Rate of

Outgo of

Heat

In its simplest form this balance, in the case of

LD converters, appears as follows:

Rate of Heat Gain by Hot Metal «

Rate of Heat Generation by the Enthalpy Changes for the Following

Reactions occurring at 77®F.

Fe^ C+i Og = 3 Fe + ^0
Pe^ C + O2 = 3Fe + CO2

Fe^ Si + Og +2CaO =» CagSiO^ + 3Fe
Mn + ^ Og = MnO

2Fej ^ + 2 °2 ^ *^^4 ^2 °9
Fe + ^.(>2 = ^*60

Ti + O2 = TiOg

+ Rate of heat radiation from flame to bath

- Rate of heat loss through lining

- Rate of heat absorbtion by dissociating mill scale and
ore pellets,

- Rate of heat absorbtion bymelting scrap.

- Rate of heat abfjorbtion by uncombined lime.

- Rate of heat loas by fume generation. ...(A,2)



END-POINT TIT.IPSRATUKE EQITATION

The derived end-point temperature equation is of the form

Tp = r ^87.35 + 0.255 + 131.45i + 30.34 Ito.)

+16.47 V/g +29.57 19*93) ClO®)
- 3125 \ - (121.4 X10® -1618 W^) (-93 x 10"5l,H.+ O.I65)

- 1225 Wp);7 i /" (0.211 +0.0041 Si

+0.00025 Mn - 285 X10"® Tjjj) +0.214 Wg + 0.384
+ 140 V.V. + 0.19 (W„„ + W^) + 1225 - (7500 - O.IOW^)

Qo P 8

(-93 X10'^ l.H. + 0.165)_7

Where

sa the end-point tern (®F()

Wj^s wt of hot metal (lb)
T =» measured Fo temperature (®F)

la

Si a measured Si {%)

= measured Mn (^)

W = wt of sorap (lb)
o

V,V= bascity ratio (dimensionless)

L.H= lance height (inches)

W wt of mill scale (lb)
ms

VL » wt of ore pellets (lb)

CONTROL EQUATIONS

(A.3)

By assuming that all heats ' 9re to be turned-down within

2880® to 2920®P, finishing temperatures becomes an independent variable

while scrap, lime and hot metal are made dependent.



It Is important to point out that the charge additions,

mill scale, fluorspar and ore pellets (whenused) are chosen at

the discretion of the meltersj so they are not obtained from

control equations.

The equations for hot metal, lime and scrap are of the forms

Hot Metal

• • f • (A.4)

Lime

• •• ••• (a* 3)

Scra-p .

W « W /• (117.93-25.3 V.V.) (Si) + 29.41 U!in)
B L C

0.257 (\) - 502.19J7 +1,8 x 10^(V,V)+ 16.22
X10® -3125 - 96.3 x 10^ (-93 x 10"^ L.H.
0.165) - 1808 ( (117.93 - 25.3
V.T.) (Si) +29.41 (wn) + 0.257 (T^^) + 93.82

- 1285(-93 X10"^ L.H. +0.165)]- 67 t^
... ... (a.6)

Where

B chargG weight (lb)

t^ « time of delay bei^ween tapping of one heat and the
charging of the next (min).

Other symbols aro defined in Equation. A,3



The above equations are valid only for a particular

installation and only for heats finished at 0.05?^ carbon with

oxygen flow rate of 6500 ou ft/min. For different carbon contents

and different oxygon flow rates, adoptation of the above equations

requires modification of coefficients.

Reference;

1. Slatosky V/.J,^ "End point temperature control of BOP",

Trans.AIME Vol« 221, Peb»1961, p 221«



APPENDIX-B,

MODEL EOPATIONg USBD FOR B3F SIItltTLATION.

The detailed explanation and derivation of the model

can "be foiind in Muchis paper 1^. A very brief description

of the equations used in this simulation has been presented here.

1• Qyygen Distributions

The oxygen Jet striking against the molten metal bath

creates a parabolic cavity. The rate of absorption of oxygen
Qci V

in the bath is given by

Where

Where

Kgmol/sec

« Area of cavity (m ). It is determined from

the lance height and oxygen pressure as

explained in Appenc^Lx C,

ts Oxygen flux ( Kgmole/sec/m )

= fi .2 ^ D/ JT t. . 0.. . p, (2)*

s» Diffusion coefficient (Kg/sec)

ss mean residence time of small element of molten

steel at the surface of the cavity (sec)

a Density of molten steel (Kg/m^)

s Interfacial concentration of oxygen at the

cavity surface.

s= reaction coefficient for absorption.

• This equation in oricinal paper ia errorneoua.



^nterfaclal concentration is given by:

. r DH„_1 ^ r ^°FeO ^^FeOTsoo ^ 1 iq-t!i!;+273) " —1~—

Temperature of stirface of cavity (®C)

Gas constant (Scal/Kgmol ®C)

Reaction heat and entropies of

?e + Q. A PeO

(3)*

Where

The reaction coefficient for absorption ^ is given by

where

' ^2* ^3

^3 ^ ^-i- + erf
d 4 r3

yjTk, {(1-/5) 0^1 + +( g2-) 0(

rate constants of decorbuti^jation and that

of oxidation of silicon and iron respectively,

concentration of J component in bath

j a B (cibbon), C (silicon), D(lron)

In order to determine p> from equation 4 and 5 following

simplification has been done in present simulation.

Since >' , is of the order of 100 ; erf ( « 1,0

(-#-) = °

2^ ( 1- M + Z2'

la original papRr, thio equation is crroraeoua.



^ere

Equa-tlon 6 and 7 give

Thus equation 10 avoida the need for solving equations

4 and 5 Iteratively.

Additional Oxygen ia generated by dissociation of

lime stone and ore hence;

Total Oxygen

"Fe203
4^1 »

TWaere
Molecular weight of J

^th addition of J at time i J

6 (©) = Impulse function of time 9«

The fractions cr^, erg and cr^ Of bath oxygen distributed

to C, Si and Fe respectively are given by

K, 0„/K

>^2 °0b/'̂ o



Where

^2 °Cb S °Db

and are as explained earlier.

2. Variation of composition.

The transitional variation of various components

can easily be written as follows*

Moles of carbon removed « moles of oxygen'o'

need for carbon.

« "m Sb

Similarly

where

\ ^Gb

®Db

d&

tlileOl
a©

dQ

cr^S (15)

(16)

... (17)

"2^ ^@10. (18)

a , cr^S ^eO ... (19)

- ( Jlles ""''(no) ... (20)
• M.. / -3/\

= Weight of J ( Kg)

Suffix Jj m: Molten metal, Sia: Silica, T.Fe : Total Iron

( ) : in slag.

* la orifjinal papor , tliia equation is errorneoua •



Equation for total weight of molten metal can be obtained aa

followsS

Rate of change of Molten Steel Weight

s Rate of scrap melting.

+ Rate of cold Pig iron melting ^

+ Rate of iron produced by dissociation of ore

- Rate of carbon loss •

- Rate of silicon loss

- Rate of iron loss of form PeO

i*e.

—d© ^ pig *

^ Vsb
+i^ore "E;:V ^ - i®ore' " "c ""JS

92.

* "•''' ^®2°3

If m Cb
- "si —a§

If ^ ..(2(5)*

Similarly fbr slag:

d V/s
de

Where

a"(3ia) .i^(2s2) .. (22)

^(CaO) ~ of CaO dfeaaolved in slag.

Tjime Planolvnd in Sla.-:;:

Weight of CaO in slag is a function of bath temperature

T. anrl is obtained empirically as follows.
D

* equation is erromeoua in original paper.



Where

Vi . Vg . Vj • Wg

-1.267zl0"® + 5.961 x ... (

- 9.186 I 10"^ 1!^+ 47.050 ... (24^

- 2.111 X10"® 1^^+ 9.745 X10"^

- 1.517 X 10 ' + 75.925 ... (25)

is determined by different relations for different

temperature ranges as explained below:

For ^b 1200®C aO

1200OC < ^b 1240^0 V- «0.4(T^, - 1200)/100

12.53®G < 4 1290®C V. =(0.25 -282.5)/100

1240®C < ^b S 1250°C Vi ==(1.4 T^, -1720)/ 100

1290®0 < ^b 1370®C V. «(0.13 -127.7)/l00

1370®C < ^b 1465®C «(0.23 -264.7)/l00

1465®C < ^b $ 2390°C V. =(0.03 \ + 28.3)/l00

... (26)

jmperatuj

Heat generated due to reactions on the surface of the

the cavity is given by:

Q « {^1 ^ (-DH j
+ n- ( DH ) S (27)

«a Heat transferrSd to bath Qt + Heat transferred to
gaaes Qq

= % ' - ''b> \ - ••• (23'



This gives Q+ (Hj, Ig) S,
(29)

TOiere
2Hg, Hj^ tt heat transfer coefficients (Kcal/m sec°C)

T sa Temperature of gases (®C)
S

= Temperature of bath (®C)

Sj a Area of cavity.

Total heat transferred to the bath

a Heat transferred from surface

+ heat generated by oxygen produced by

dissociation of ore and lime stone.

+0-3 ( - j (30)

5 Heat Losses.

Heat lost by convection and radiation from the aides and bottom

.of furnace = A, - t^) + - tg)

Y/here

+ (A^ + A^) - tj;)

= Area of sides = H^
7T 2ss Area of botton- "4"^!

(31)

(32)

(33)

= TemperatTire of outer surface of the Converter ®C

= Koom temperature



a Heat transfer coefficient for natural convection

2
from vertical surface to ambient air (Kcal/m 8ec®C)

"5^50 ••••
a Heat transfer coefficient for natural convection

from horissontal surface to ambient air

(kcal/m sec ®C)

... (35)

a Heat transfer coefficient due to radiation.

/ \o 273)"^,4« 0,0013 E ( ----YQo ) -( )S 100 ^QQ
.,(36)

• %

3mmissiyity • of surface

Heat lO'it due to radiati.n from mouth Q,

1^12 ^ +273)'̂ _7a3 ..(37)

a Stefan Boltzman constant

ss overall interchange factor. It is evaluated as

follows*

= 1/ Z" (1/^12^ - 1^-7

/•( ^2 -^12^-// • 2^12-7..(33)*

« +Hg^ - J{r\^+ 1^2^ 1/2 l-V

Ha = - ^I'l - \ / A3 .
=5 C^A) Cd^ -2. DD^)^

Rg =» D2/2
R:j = (D^ -2 DD^)/2,

* rjquatioizj in original paper are errorneous,

.. (39)

.. C40)

.. . (41)

... (1.2)



®2' ®2» dimension of the fiirnace as shown
in Fig. B-1,

6t Initial Temperature of Steel bath:

Using a heat balance immediately before and after

charging, following equation is obtained for the initial tempe

rature of charge mix.

"o Ppe.m •'•eh ^ '"pig °p ^ +Wbc "p
® pig

+ W., C .), tp + W . a , (- DH„ /1 pi Tl pig pig ^ ^^Fe j '

'•'o " "pig "pig'- °PP3^„^ "pig'̂ " Vs'-
+ w, 0^, + c ?'1 "pi fse j

where « Mass of molten pig iron charged into converter,

^pig ~ Iron charge into converter
'̂ac " Wass of scrap charged

» i/Tass of lime initially charged into converter

apig ® Fraction of pig iron which has melted before
beginning of blowing,

Op Specific heat of j.

Suffix Fe.m « molten iron.

7. Heat Balance in the stoel bath: Following equation can be

obtained by taking hoat balance for molten steel:

a ^ «Sf - «S0 - Sis -
c + V/ c +0
Ppo.m « Ps ... (44)

whero Q^, are heat transfer rates given by following
equations.



Fig.B-1: PROFILE OF LD CONVERTER
VESSEL.



= Heat generation rate due to process of slag formation*

~ (CaO)) de

%is

(45)

Heat traafer rate caused by melting of pig iron.

WplB •.. (46)

s Heat transfer rate due to dissolution of

lime stone, ore and lime.

= (- '''Ve.O > • <i"ore / ^e,0 > » <» " i®.

•*• CO,^ * ^i^la ^ ^CaCO. ) a(e - i®is)

^<-®HcaO^- 'iV/ • ^t®-i01s^- (47)

a Heat capacity of umnelted solid and may be

represented as follows.

®°rem ^sc

•*• ( ^CaO " ^(CaO) ' '̂ p .... (48)

iTeight of scrap remaining unmelted.

Q « Heat transfer rate caused by melting of a scrap.
SO

In order to handle scrap melting it has been assumsd

tentatively that scrap absorbs nearly .80/^ of the heat gained by

bath. Once steel is coiflpletoly molten, heat generated is u^':ili2cd

solely for raising temperature.

Reference: (1) Asai S,, and liuchi liTheoretical analysis by ths
use of matht-matical model in IjD converter operation', Trans.ISIJ
Vol.10,1970 p.250.



APPEITDIX-.Q.

MODEL EOUATTOTS PQR LANCn AND OXYGEfT JRT BSHAVIOUR SITJULATIOH.

The detailed explanation and derivation of the model

can be foimd in etsuki's paper C 1-/* A very brief description

of the ©(juations used in this simulation is presented here*

Gas condition in the nozzle exists

For adiabatic gas flow through a nozzle, following

equation can be written jT rig.C-1 J

r 2 f ^ \ 1 1 hM, . r A i - 1

_-|=T ^0 Sc^ ^""1] •••
r ^ (0.3)

Where

M ts Mach nunber

G 5» Mass I'lowrate of oxygen S[g/Sec«

P « Static Pressure of gas

T a Absolute temperature (°K)

R a Gas consatant (Kg;?Ea/Ks°K:)

r a Specific heat ratio.

U a Velacity (m/sec).

D a Throat diameter of nozzle (m)

Sq » Gravitation conversion constant (leg m/kg sec^)

Subscript '1' refers to valuea at nozzle exi#': (See Fig, 0,1)



Fig.C-1. MODEL OF A CAVITY IN LD CONVERTER



2, About Jet Stream:

Following empirical relation have been obtained

for velacity in jet stream.

Where

(T/D- Y^)

1.817 X lO"'̂ - 3.434

Exp f - 2K^ ( -|!-) |̂(C.6)
•/•n v \ L * .4(T/D-Tjj)

= Velocity aloii6 Jet axis.

••• (0.4)

(C.3)

Velocity at a distance of R' from jet axis

Constant (= 8.9 )

•^xial Distance of the point under consideration

from noasle exit.

3. Shape of cavity and Beha-v'lour of Gan flovi •

The maximum infiltration depth of the cavity 'h' can

be determined from the following force balance equation.

( r ) V' = Pi s h

Gas denaity (Ks /rrP)
Liquid density (Kg/m^)

.. (C.7)

Application of the principle of conservation of

momentum along the gas path from 1 to 2 (ifig. C-1) _5ives5



xr^ +0. Sin 9 ••• (c«8)

This equation is solved to give the value of parameter(k')

Where

P a T direction component of Buoyant force
2

^Pt g h"
a 5 (C.9)

2a

= Y component of drag force exerted by

cavity surface on (negligible as compared

to Pey'
ct a Parameter of variation of gas flow rate.

^ p u. :d
a (C#10)

2K. (Y-D Y^)

tan 0 a 2V ah

a » parameter of cavity shape. The cavity shape
2

is assumed to be a pai^bole y« a x .

The total surface area S^, of the cavity is given byj

S =3 4;^ a i CI + 1- ) V2 ^ 1 ..(C.11)«T = 5 a

References?

lUU

1. Otauki M, and Mucfii, s,, "The behaviour of gas flow

• around the fire point of LD converter" , Tetsu -to-

HagaffiVol. 53» June 1967, No.7.
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