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When you set out fo'r Ithaka
pray that your road's a long one,
full of'adventure, full of discovery.
Laistrygonians, Cyclops,
angry Poseidon--<!on't be scared of them:
you won't find things like that on your way
as lon'g as your thoughts are exalted,
8S long as a rare excitement
stirs your spirit and your body.
,Laistrygonians, Cl'clops,
wild Poseidon-you won't enco';nter them
unless l'ou bring them along inside you,

, illlJess your soul r!iises them up in. front of you,

Pray that your road's a lông one.
, ", May there II<; manl' a summer morni"g when-

full of gr,atitude, full of joy""'"
you, co'me in'to .harbors seen for the first time;
IT)ày you stop at Pl!oenician trading centers

. ,J. ~.

and.buy fine things," .
m;tIier of pènrl and coral, amber and ebony,

"sensual perfl'meS of every kind,' .
• ~ many sensual perfume ' uc~n;

may you visitJrillmer,o, s E.gyptian' dtres
to fill yourseJi with)ca in fro~ thè w!se..

Keep 1thaka,~ways in 'iiiind.
Arriving there is wh,at you're destined Jor:-
But don't hurry the journey at ail.
Better if it gOes on for years •
,50 you're cId by the lime you ~each the i'land,
wealtby with ail you've gained on the way',
n9t expecting Itha)c~, to. make you rich.

, ,
Ithaka'gav" you the marvel;us journey.
Withoucher Y'lu wouldn't 'haveret o'!.t.',
She hasn't anything, else to give.

. . '" '. : - ..
And if you find her poor, Ithaka won't have fooled you.
WiSe as you'lI have. become, and so experienced,
you'lI have understood by then wha.tan Ithaka 'means.

.,' ,

c. P. CavoFy (186.3-1933), ,
", . ..

.-
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ABSTRACT

The kinetics, of dissolution of titanium and vanadium

, '

in liquid steel fias been studied. Two periods_ were distinguished:. '

the steel shell period' and the free dissolution period.

In the ca.sl'!"of'titanium, it is shown that ,the c~st6mary

frozen shell of' steel e~cases the cylinder following its
, -.

initial immersion. Premature internal dissolution then begins

as a result of liquid eutectic of Fe
O

. 3 Ti O. 7 composition

forming atthe inner steel shell boundary. This phenomenon

triggers an exothermic dissolution and erosion of the inner

steel shell. The net result is considerable shortened shell

melting times. During ,th~ freedis~oluti?n period, the tem­

perature of the titanium dissolving ,at thè interface increases

and ,thè dls~olution prbcess becomes self-accelerating;

,During the"'stèel shell period with pure vanadium and

ferrovanadium alloys, no ,reaction was observed between the

steel shell and vanadium. For low grade ferrovanadium alloys,

the dissolution proceeds via a heat transfer mechanism. On

the other hand, for highgrades, ferrovanadium mass transfer

mec~anisms domina~e.

A si-mplified mathematical model'of the process has been
. ",', ,..."' ,-'

developed to describe the coupled heat and mass transfer

-.
'.

"

phenomena involved
'" "=, i

\..1

in the ~ious systems studied.

"
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RESUME ,

La cin~tique de ~issolu~ion du titane et du vanadium

dans l'acier liquide a ~t~ ~tudf~e.. ~l a'~t~ distingu~ deux

p~riodes: la p~r{ode'de la 'coquille a:'.'<3,d.er et la période
.. ~ ."

de la dissolution libre.
, .'

Dans le cas du titane~ ila

. '." .
..

',' , "
~t~ mQn~r~que lrhabituelle. ". . " .

coquille d'acier solidifée enf,erme le.'ç:yliii~re immédiatement

J.- \.

après son immersion. Une dissolutio~ prématurée de la partie

~ie!ne se produi~ consé~utive' à la formahion~d'un liquide

eutecÜq;:;:e de qom~:os~tion Fe O,) Ti O. 7 sur la face, interne de

la coquille d'acier'. Ge ph~no11lÈ!n~ d~cleÎ1che une dissolution
.' .'.

exothermique et un:e .~rosion de l'intérieur de la coquille

d'acier. Il en r~sulte des temps de dissolution de la coquille

consid~rablement plus court. Pendant la ~ériode de dissolution

libre la temp~rature du titane . se diss'olvant à l'interfa,ce' :.'

"

s'accroit et le processus de dissolution devient auto-acc~léré.

Pendant la période de :a coquille d'acier avec du vanadium

pur et des:, alliages de ferro-vanadium, il ri'~' été ,observé

auc~ne réaction entre' la. coquille d'acier ~t le vanadium.. . .

Pour des alliages de ferro-vanadium faiblement alli~s, la
.'

dissolution "p'asse par un m~canisme" de transfert de ,chaleur.
1;

Par ,contre, pour des alliages de ferro-vanadium fortement

alli~, le m~canisme de transfert de masse prédomine.

\.- :
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l Un modèle mathêmatique simplifié du processus a été

développé permettant de décrire simultanément le'phénomène

de transfert de masse et de ,chaleur concernant les divers

systèmes étudiés.
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CHAPTER 1

INTRODUCTION·

."
1.1 PRELIMINARY REMARKS

In recent years, the ptocess of steel alloy development

has greatly benefited from ·the large amount of research

carried out in that area. This research has led to a much

improved appreciation of the relationship between micro­

structure and mechanical properties, so that new alloy steels

can now be developed on the basis of reasonably well under­

stood metallurgical phenomena from the physical metallurgy

viewpoint. However, at the refining stage of the alloy steel-

making route, very little is known particularly on .the solution

rates and solution mechanisms of solid additives in raw steel .

•A thorough understanding of the solution mechanisms and their

kinetics is of clear importance from both the academic and

industrial points of view.

1.2 ALLOY STEELS

The steels whose characteristic properties are due to

sorne element other than carbon are ~alled alloy steels.

Although manganese and silicon are included in all plain

•carbon steels, they are notclassified as alloy steels since

the principal function of dissolved manganese and silicon is

to act as deoxidizers.
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•
rhere are many reasons for the .addition of alloying ,.

elements int~ liquid steel. Sorne of the most im~ortant are

te":

1) improve strength at ordinary temperat.ures;

2) improve mechanical properties at either high or

low temperatures;

3) increase hardenability;

4) improve toughness at any. minimum hardness of

- strength;

5) increase corrosion resistance;
,

6 ) increase wear resistance;

7) improve magnetic properties.

2

In the present study, the dissolution of titanium

vanadium in liquid steel was investigated.~meof the

of titanium in alloy steels are that it: ~

and

effects

1) reduces martensitiF hardnes~ and

medium-chromium st~els;

hardenability in

2) prevents formation of austenite in ~igh-chromium

steels;

3) prevents localized depletion ~f chromium in stain-

less steel during long heating ..

Vanadium is the most expensive of the cornrnon alloying

elements. Sorne of the effects of vanadium in alloy steels

are that it:
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1) elevates coarsening teI1)perature of austenite

(promotes fine grain structure) ;

."'- , 2) increaSes hardenability (when dissolved);

.3). resists tempering a'nd causes marked secondary

3

hardening; r-

4) J?l:-omotes carbide formation.

1.3 PRESENT WORK

The.p~èsent work ~s concer~ed with a study of the. dis­

solutio~ on:titanium and vanadi~ in liquid steel. The
r~ ":'7', .

. ~j .,
experimental method presen~ly used involved the measurement

-
of dissolution. rates of cylindrical-shaped specimens immersed

in stagnant steel baths.

The dissolution behaviour ofthese objects was carefull~

monitored th~ough continuous measurement of various physical

parameters. These comprised:

1) the apparent weight of the specimen;

2) temperatures of the specimen at various positions;

3) the temperature of the steel bath.

For sorne specimens measurement of the steel-shell thick-

nesses were also taken. A mathematical model was developed

to predict the rate of dissolution of titanium and vanadium

in liquid steel.
, \
Gr

•
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CHAPTER 2

PREVIOUS WORK

,In this chapter, previous work reported in the literature

concerning studies of dissolution' kinetics in liquid ü"on and
1 '1-

iron-carbon allQYs is reviewed. A discussion of the thermo-

"

physical and transport propertie~of

alloys is also incl,uded with respect

iron and low carbon iron
, ,

to thermodynamic data and

cal' exarnple of a heterogeneous process.

,-

phase diagrams relevant to this study.

,."-

2.1 GENERAL CONSIDERATIONS

! .

The solution of a solid in a liquid represents a classi-
'p

~lthough most such

!
processes involve a rather èornplex set of, individual reaction

sceps, there are certain elementary aspects which are common

to a wide range of react~ons.

The transfer of material from a solid to liquid can be

characterized as melting or as dissolution. The first, occurs
..... '

by application of heat, ~hile the latter happens when the.'

solid material cornes in contact with the liquid at ternperatures

',beiow the rnelting point of the solid. The dissolution proce?s

may be broken into two consecutive steps. The first.~s the

surface reaction where thé solid goes thfoughaphase change

to the liquid. The seconâ is the transport of the .resulting

solute atoms from the interface into the bulkliquid by dif~

fusion through a boundary layer. Either step could be rate-. -



sented in great detail

references 46,47. ~

,,

,

controlling in the, dissolution process.

Additions in liquid steel can be c.lassified into two

categories. The first are·those with a melting range lower

tha? that of·liquid steel. Table 2.1 gives a list of such

additions. The second category' of additions are.those with. ,

melting ranges higher than that of liquid steel. Examples of
~ ..,
somé of theseadditio~stedin Table 2.2. Figure 2.1,

shows, in schematic form, the relevant thermophysical phenomena

which take place when a solid addition is immersed in a bath

;)i molten steel. The first fOottr 'routes refer to low melting

range additions while.the fifth one depicts the case of dis-

solution of high melting point .additions. .Routes l, 2, 3 and
1

. . 45
5 are analyzed in a work by Guthrie ,while route 4 is pre­

j.

by the present author and Guthrie in

2.2 DISSOLUTION IN LIQOID IRON ALLO YS

Extensiye .studies on the kinetics of dissolution of solid

materials in'liquid iron-carbon melts have been conducted'over

5

,.

the past twenty-five years.
'.-/'

T~e great majority oi thes~

experiments were do~e in either high carbon iron alloy melts

or carbon saturated iron alloy melts. Far' fewer 'experiments

have been conducted in low carbon and relative pure iron

alloy melts.

/

, .
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Routes l, 2, 3 refer to low melting range additions. Route 4
./

corresponds to additions which exhibit exothermic reaction

with liquid steel. Route 5 refers to high melting range

additions.

Route l (lC) internal melting to begin and in many cases to

be completed (lD) before the enclosing shell melts

back. Typical examples. Fe-Mn, SiMn, Al, at low

steel bath superheats.

,

Route 2 Shows the case of an addition which after freezing

the customary chill layer around i~ is reexposed

to the bath before complete internal melting has

occurred (2C). Conditions favoring such behaviour,

high superheats (BO-IOO°C) large diameters and alloys

with low thermal conductivities.

Route 3 Once the solid is reexposed (3C), it is quite

possible for another shell of steel (or series of

shells), (3D), to forro.

Route 4 Exotherroic reaction starts at (3E) and steel shell
r

melts back very fast, typical examples·, ·Fe-Si where

(3C) and (3D) are very short.

Route 5 Typical examples, Fe-V, Fe-Mo, Fe-W.

o



TABLE 2.1

Additions with Melting Range Lower than the

Liquid Steel Melting Point

7

Addition

Standard 'Ferromanganese

50% Ferrosilicon

Law Carbon Silicomanganese

75% Ferrosilicorr

Aluminum

Charge Chrome 50-55% Cr

Melting Range
of Melting Point

1071-1266°C (1344-1539 K)

1210-1227°C (1483-1500 K)

1215-1260 oc (1488-1533 K)

1204-1316°C (1474-1589 K)

660 oC ( 993 K)

1404-1482°C (1677-1755 K)

/

,
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Table 2.3 lists metallic systems of SQlids dissolving

in iron based melts for whiçh experimental data have been

reported. These experiments have been classified according

to experimental mode and geometry. The experimental mode can

9

be classified into two subgroups; static and dynamic. In the

static method, the solid specimens were held ~otionless in r

liquid and natural convection influenced the dissolution rate.

In the dynamic method, specimens were rotated so that forced

convection affected their rate'of dissolutiDn. Most of the

experiments reported used cylindrical or disk shaped specimens.

Two exceptions are:

1) Biletskii and ShumikhimlO studied the dissolution of

spherical graphite particles in cast iron melt;

2) Niwa et al. 18 also used an alumina crucible

the reaction of the alumina with carbon ~issolved'in

t~~UdY

molten

iron. The crucibles used were either alumina or graphite

apart from a few exceptions where magnesia crucibles were used.

The dissolution in liquid iron alloys was reported to •
be a diffusion rate controlled process under most conditions.

, 6
An excepti~n is the one reported by Karchin an~ Grigoryan who

observed that the dissolution rate of pyrographite in an iron-

carbon melt was anisotropie with respect to different crystal-

lographic faces at high rotational spee~s. They found that

the solution interface reaction of graphite became the control-

ling step at high stirring rates.

,
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10

Dissolution Experiments in Liquid Iron Alloys





.. TABLE 2.3 continued
i..

Liquid Solid Specimen Mode Reference

Cast Iron Co Disk Rotating 38

Cast Iron Ni Disk Rotating 38

Cast Iron Mo Disk Rotating 38

Cast Iron W Disk Rotating 38

12
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Various additions relevant to steelmaking practices

studied for dissolution kinetics in low carbon iron-based

melts are listed in Table 2.4. In all cases and immediately

following immersion a solid steelshell solidifies around the

,addition. The Precise manner under which the steel shell

behaves (i.e. freezing or melting) is very important for low

melting point additives. However, its importance substantially

·lessens in the case of high melting point additions. In the

first case, the dominant factor in the thermophysical-phenomena

is heat transfer, while in the latter, mass transfer becomes

more important. For the dissolution of 50% ferro-silicon in

liquid steel, a 'double heat effect' is applied to the steel

shell such that the dissolution reaction becomes self-

. 46.47accelerat1ng. '

d Y . k" 37Krupman an avo1S 11 investigated the dissolution of

molybdenum in Armco Iron. They distinguished two periods in

the di~solution process. The firstcorresP9nded to the

'thermal' period wnere a solid shell freezes around the

molybdenum, The second was the 'diffusion' period which began

after the temperature had equalized between the bulk liquid

steel and the molybdenum specimen: .They proposed the follow-

ing relationship for the dependenc~ of mass transfer coeffi~

cients on temperature:

log K 14800 + 4.8?= T

K:
-1cm s

T: oK
,..
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TABLE 2.4

DISSOLUTION EXPERlMENTS IN PURE LIQUID IRON OR LOW CARBON' LIQUID IRON ALLOYS

...
Dissolving Experimental,

Solid Specimen Mode Reference

Ti Disk Rotating 38

Cr Disk Rotating 38

Nb Disk Rotating 38

Mo . Disk Rotating 38

W Disk Rotating 38

FeMo (62% Mo) Disk r Rotating 38

FeW (74% W) Disk Rotating 38

FeNb (60% Nb)' Disk Rotating 38

Mo Cylinder Statie and Vibrating. 37

Mo Cylinder Statie and Rotating 39

W Cylinder Statie and Rotating 39

Fe-Mn Cylinder Statie 40

Cr-Mn Cylirider Statie 40

Fe-Cr Cylinder Statie 40

Fe-Mn Lumps with Isotopes Sta'tie 41

Si-Mn Lumps with Isotopes Statie 41

TiN Rotating 42

Ferro-alloys 43

Fe-Mn Cylinder Statie 44

Si-Mn Cylinder Statie 44

Fe-Si Cylinder Statie 44 '

Fe-Mn Cylinder and Sphere Statie 45

Si-Mn Cylinder and Sphere Statie 45 ~

Fe-Si (50%) Cylinder Statie 46

Fe-Si (50%) Cylinder Statie 47

'Al Sphere Statie 48

Al Cylinder Rotating 49
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Based on their data, an activation' energy for the

solution of molybdenum in liquid iron was calcula~ed and

shown to be at, 273 kJ /mole or (65.1 kca'l/mole-). They explained

this surprisingly high value of activation energy on the basis

of

et

liquid ~hase diffusion. However, recent work by Ershov
, . '

59 51 -'al. and Ono et al. has shown that the activation energy

•
for the diffusion of molybdenum in liquid iron is only in the

order of 59 kJ/mole (14.5 kcal/mole). Consequently their

explanation based on a l~quid phase diffusion controlled pro­
cess must be regardedwith sorne doubt. An attempt will be

made by the present author to provide another explanation for

their activation energy results in Chapter 6.

38 '
Shantarin and Shurygin studied the dissolution rates..

of Ti, Cr, Mo, W and FeNb, FeMo,'FeW in molten pure iron.

They used a disk of metal rotating in liquid iron. They found

that the dissolution rates in pure iron increases in the order

of Mo-W-Cr-Ti and among the ferro-alloys (FeNb" 60% Nb)-

(FeMo, 62% Mo) - (FeW, 74% W).
\ . . ...

They,did not provlde any

explanation and the precise mechanisms were neithér considered

nor identified. They calculated diffusion coefficients from

their results, which were-found to be in agreement with

and tungsten in liquid steel under conditions of free and
6/

recent work by

Bungardt

50Erà1 ov et al.

et al. 39 studied the dissolution of molybdenum

forced convection respectively. In the case of forced

convection, they used rotation of their cylinders as weIl as
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TABLE 2.5

39Experimental 'Results from Brandis et al.~

Dissolution Rate
(mol/m2 .s)

Gas Flow
Rate

14 lit Ar /h

Mass Transfer
Coefficient

Free Convection
mis

16

, '

(

Mo. 0.833

0.325

2.0

0.66

3.3

0.67:5 1. 82 x 10-5 •
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,

flow of Argon gas througli,'the iron bath at a rate of

'-6
(3.8 ~ 10 ml/s). Their 'results are summar~zed in Table

17,

2.5.
,

They found that the dissolution rate of molybdenum

was higher than that of tungsten at 1863 K (1590°C1 and that

the,mass transfer coefficients were about the parne. At

temperatures below 1910 K (1637°C) the reaction of tungsten

with liquid iron resulted in the intermetallic combination

Fe7W6 whose structure ~~~~ed,no conclusion as to p'referred

diffusibility of the constituent elements.

Terziyan
41

.studied the dissolution kinetics of ferro-

alloys in steel ladIes. He làbelled the alloys with radio­
L:.

isotopes" immersed them in liquid steel for specifie times

and Ireasured the loss in weight of the alloy and the radio-

activity of metal sarnples from the ladle. The experiments

were carried out in both quiescent and intensively stirred

liquid steel baths. Data on the kinetics and mech~nisms of

,dissolution of ferromanganese and silicomanganese were pro-

cessed statistically. Regress~n equations were formulated

~ for the time of dissolution as a function of lump size and

metal temperature in relatively quiescent metal baths .. They

obtained:

(2.1 )

(2 .2)
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where T: duration of'solution, (sec)
p

xl: parameter characterizing the diameter of the

sample d(mm)' xl = (d-50l/10

parameter charactèrizing the temperature of '"
/

the metal tOC x 2 =. (t-50l/15.

Equation 2.1 gives the solution time for ferromanganese

while equation 2.2 gives the solution time for silicomangan-

.J

diameter at bath temperatures ranging .between 1560 and 1650 oC

times of ferro~alloy lumps, measuring from 40 to 180 mm in
\ ,

,

ese. Terziyan'claimed that'. -.

.with a sufficlént degree of

these equations were determined
/

accuracy for predictingsolution

(1833 te 1923 Kl.

In 1974, Gourtsoyan~is et al. 48 developed a mathematical

model predicting the melting history of,aluminum spheres

immers~d suddenly into liquid steel.· Their mqdel predicted

the formation of a solid shell of steel wh~ch rapidly froze

around the aluffiinum sphere during the first seconds of immer-
. ""-, ,

sion. The m~del also demonstrated how partial melting of the

object can begin while still encased within the steel shell.

It was shown that the enclosed object would continue to melt

at a rate which depended on a)

latent heat as the steel shell

the rate of evolution of

SOlidi~S and bl the rate

of convective heat transfer from the bath to the outer surface

of the steel shell.

In previous work, the present author conducted a series

of experiments t~study the melting characteristics of ferroü



19

•

,,... 'manganese and silicomanganese cylinde3s in molten.steel baths.

A detailed ac~ount of this work is given in R~f. 44. Briefly,

a heat transfer model !?imulating, 'the th,erma,l eve'nts which ,

occur when ferromanganese andsilicomanganese cylinders are

immersed in molten' baths was developed. The experimental

results were foundto he in substantial agreement with model

predictions. The steel bath cootingrate and superlieat were
, .

.'

shown to be significant factors' on solution kineti'cs of these
"

allo~s, while steel bath ~iscosity had no significant effect.

Figure 2.2 shows a cross-section of a ferromanganese cylinder
. ,

(3.81 cm diameterl following immersion for a 30 second period

•in a steel bath whose initial superheat was 30 o e.

The modification of dissolution kinetics by the ,high

exothermic heat of dissolution' to mol'ten steel was also studied,

, ,46 47
by the present author and Guthr~e.' To this end, the

kinetics of dissüiution of'solid cylinders of 50 wt% ferro-

silicon in liquid steel were,chosen. It was shown that the

customary frozen shell of steel formed around the ferro-

silicon Gylinder following its initial j..mmersion. Premature,

internai melting of the cylinder then began as a result of

liquid eutectic of Fe 2Si compositon forming at the inner st,eel. .
shell/ferrosilicon boundary. This phenomenon was shown to "

trigger exothermic dissolution and er.o~iqn of the steel shell

at the inner surface. The outer boundary of the steel shell"

.., melted back concurrently as a result of convective heat trans-

fer from the steel bath.
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The net result of exothermic dissolution phenomena is

• •
that considerably shortened shell dissolution times can be

observed in comparison to more conventional ferro-alloy/

steel systems.

A simpli~ied mathematical model of the process was

developed and F~gure 2.3 gives a schematic representation of

the 'double heat effect' which is imposed on the frozèn steel

shell.

Povolotskii et al.
58

investigated the diffusion of

deoxidants such as Al, Si, Mn in molten ironusing the capillary

method. The diffusion coefficients, D, and energies of
•

activation, E, for diffusion of the deoxidants in iron con-

taining various amounts of carbon were determined. They found
1

that in the 'ca~e of separate diffusion in a melt containing

oxygen, the higher the d'eoxidizing capaci ty of the element,

the greater was the activation energy of diffusion. Thus,

with diffusjon in an iFon cOntaining 0.003-0.010% o~xgen, the

energy of' activation of aluminum, silicon and mangane9'€ is

145.7 kJ (34.7 kèal), 121.8 kJ (29 kcal) , 101.2 kJ (~l-k~al).

In more recent work, Mucciardi 49 has studied light allqy

addition techniques in steelmaking. Aluminum wires of 6.4

to 15.9 mm in diameter were fed into steel melts while their

'apparent' weights were monitored. It was found thatthe

maximum'depth of penetration of an aluminum wire fed into

molten steel can be expressed in the dimensional equation:

~.

"

,

•

-
-
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su~èat(k)0.34

. t ()0.86 l i (/ )0.52D~ame er m . Ve oc ty m s145.5

(2.4)

J
2.3 THERMOPHYSICAL AND TRANSPORT PROPERTIES OF LIQUID IRON

Depth(m) =
t

...;:::.
/

,
2.3.1 Phase diagram

The iron-carbon phase diagram shown in Figure 2.4 is

that recorded in the, Thermochemistry for Steelmaking, Vol.

II, by Elliot et al. 52 The m~lting point of pure iron is

.reported to be at 1809 K (1536°C). Iron liquidus values at

d'ifferent 'temperatures rangirig between 1809 K (l536°C) and,

1773 K (1500 OC) tabulated by Elliot et al. 52 were used to
....

obtain:
"

T (K) = 1?09.1 - 2 Q"·l55·· Wmp ~~ c

where W = weight percent of carbon
c

- 85.7

1
)

w'
c'

(2.5)

2.3.2 Density

~density of pure iron at vàrious temperatures is

rep~rted ~~~any ~ources including:. Thermochemistry for

, 52 53 54
Steelmaklng, Volume II, by Elliot et al., Lucas, Lange

and in the Metals reference book by Smithels. 55

Smithels givœthe d~sity of liquid irort at 1809 K

-3 -3
(1536°C) as 7015 kg m (7.015 gr cm ). At higher tempera-

-\ 55
tures, ~he density of liquid iron is given by eqUation~6. '

!

•

(2.6)
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where Do is the'density of liquid iron at melting point

T and dO/dt = - 0.887 kg/m 3 ko

These values have been, adopte? in the present text.

(2.7)

25/
/

.. /

;'

, "

2.3.3 Viscosity
. . 56'

Turkdogan has presented data for the viscosity of

liquid iron at its melting point .. The value quotedis

0.00495 N'S/m2 (4.95 CP) with E at 41.58 kJ. The variation-in viscosity wrt~ temperature for liquid iron is given by

Smithells. 55
)

;
where n :o·

E:

R:

0\3699~Ns/m2

41.4 kJ/mol

gas constant 8.3144 J/k mol

(2.8)

-1 -1 -1cm ·5 ·c ),

-1 -1 -1cm '5 ·C ).
')
~

2.3.4 Thermal Conductivity

The variation in iron thermal conductivity of iron

with temperature is given by Turkdogan.
56

At the melting

-1 -1
poi~t of pure iron, i t is quoted as 30 Wm K (0.071 cal·

at~ 1873 K (1600 0 C) 35 Wm- l K- l (0.083" cal·



,, • 2.3.'5 Specifie Heat and Latent Heat of Fusion

Data on iron specificheat has been summarized by

, 52 54
Elliot et al. Lange also reviewed experimental data

for the specifie heat of pure iron.' The tabulated values

of specifie nèat were used to obtain an average over a

range of temperature. The latent'heat of fusion was chosen

63to be 15 kJ/gr-atom, a value reported to range between

13.4 and 15.5 kJ/g-atom.

2.3.6 Diffusivity

Ono and Shigematsu5l determined the diffusivity of

vanadium, cobalt and molybdenum in molten iron using a
#

coupled-diffusion method. They found the following results:

26

for Fe'-V alloys with vanadium content;VûP

-5 .
D.• = 3.69(±0.33l la cm2 /s

D
V

= 3. 6 9 (± a . 33 l 10- 9 m2 / S

at 1823 ~,(1550·Cl

to 1. 42 %:

or

'd d ,57 d ' dI~ a an Mor~ta er~ve

describing sorne properties such

a series of~xpressions

as diffusi~ty and viscosity

of any liquid metal and alloy near their liquidus tempera-

tures in terms of sorne basicphysical quantit~es. ,They

showed good agreement·between calculated and experimental
~

values for the solute diffusivity in liquid iron at 1873 K

(1600·C). For the diffusivity of vanadium in liquid iron,
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they calculated a value of 4.4xlO- 9 m'/s (4.4xlO-5 cm'/s) at

1873 K (1600°C).

Ershov et al0 59 studied the diffusion of various alloying

e~ts in liquid iron over the temperature range 1823 to

1973 K (1550 to 1700 0 C). !Theyused electron microprobe

analysis for the determination of concentration profiles. An
.

exponential form D = Do exp (-Q/RT) was employed to determine

the temperature dependence of the diffusivit~.

9 -1 Do l0 9 m' /s' . 10 8 m' /s kJ/mol(D)·lO m's D Q
(1873 K) 0

g V 4.1 11. 1'0 51. 66

Ti 13.8 31.00 48.3

The considerable variation in diffusion coefficients

between these element~ was explained by microheterogeneity

of the liquid iron and by features of the distribution of the

diffusing elements between the structure components of the

melt.

, .
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shown in figure 2.5 was adopted ..

(.. 2.4 THE IRON-TITANIUM

•

from the 'Thermochemistry fo Steelmaking', Vol. II, by Elliot

et al. 52 One will note that t t IIi derme a c compoun s,.
'FeT ' and 'FeT' are reported. to Ence andi . 2 i '

. 59Margolin, ·the compound FeTi2 , not shown in this diagram,

formsJa peritectoid reaction between 6 and FeTi at the .tem-

perature of 1273 K (lOOOOC).

Molchanova60 states thatthe 'FeTi2 ' is stable only in

the presence of oxygen. The te~perature range where the

liquid phase could exist in the binarY'iron-titanium system

and where this study was concentrated, was from 1843 K

(1570 0 C) to 1923 K (1650°C). The S liquidus was given as a

52straight line. ~

TL(K) = 1940 - 2030.3

2.5 THERMODYNAMIC PROPERTIES OF IRON-TITANIUM ALLOYS

There is only limited published data on the thermo­

dynamics of liquid iron-titanium. Chipman64 estimated the

activity,'coefficient of tit'anium. at infinite dilution,

65YTi = 0.011 at 1873 K. More recently, Fruehan calculated

the activity coefficient of Ti at infinite dilution as YTi =

0.038 at 1873 K. Since then, Kaufman and Nesor61 derived an

analytical description of the iron-titanium systems. They
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used data published in their computations from the experi­
~

62mental results of Kubaschewski and Dench ,and of Wagner and

St. pierre. 63 The integral heat of mixing for liqui~ ir6n

and titanium is given in the following formul~[61]:

)

•

where Xpe : iron mole fra~tion

XT ,: titanium mole fraction, 1.

LlHm : Jimol

o :;; XTi S'l: composition range

1400 S T S 2000: temp~rature range in K

which is not shown in their diagram,

THE IRON-VANADIUM PHASE D~GRAM

The Pe-V phase diagram in Pi~ure 2.6 was also adopted

for Steelmaking', Vol. II by Elliot

A co~pound Pe 3V

66has also been reported.

2.6

from 'Thermochemistry

52et al.

The temperature range where the liquid phase could exist

in 'the binary iron-vanadium system and where, therefore, the

present study was concentrated, ranges between 1823 K (1550°C)

and 1908 K (1635°C). The liquidus can be approximated as a

straight line:

TL(K) = 2041.- 520 . Xpe or

TL(OC) = 1768.0 - 520· Xpe',



• 31

j...
,

•

00

00

..00 :t­
,;
;;
e•

200 ~

,!

.00

.00

000

.00

000

600.

\200

1400

00

100'0"70'0

Iron, 0.'0

AO '030

JO'0

'0

10o

0 10 -,- , r -_ .. -

~\ "
~
~ ,

~, "liq

" .

~".... ·
" " '',.... a + L • J

,'<'
"-

1/ . '~1
~ B+~2-- 70

1.410 ,
-00

" " 100 ,
f- .--- -00

1400

L ~ •
• '7"": -- ---- -- - ,

00-
1300

1 \\l "-
100 f-. u .- ,

1200 0 1/ 1\,;
;;, c

000 l- I • 11\00 ~

\~~
E•

\ \
~

\ \ - - --, -- ,-.00 f- \ \
1000

1"'+0

~~" • +. • .+ • . .,. ~~
....

-~.. 17 ~~. -~_. -• 001-
.00 ." ·~:II. .......

cho"",,_

" " 100

--r------700

" " , "", 1 1 11 1 1 1, , , ,
:~-600

" '0 .0 70 .0 "
,

1600

1900

1100

1700

~ Il
,;
;;
C•~ 12

•~

1>00

Iton, w/o

. 2 6 h . . . 52F1gure • T e 1ron-vanad1UID phase d1agram.



.....

"

2 . .]"THERMODYNAMIC PROPERTIES OF IRON-VANADIUM ALLOYS

Elliot ~t al. 52 have presented the partial and molar

properties of mixing df liqui4 iron and vanadium at 1873 K

(l60'O°C). They derived ~his directly from Chipman's activity

curves wherè he made the assumption that the entropy of mixing

32 '

for the solution

recently Kay and

is ideal (regular Solution behàviour). More

'67
Kontopoulos measured Henry's law coefficient

Yv' as being 0.23, 0.21, arid 0.18 at 1823 K (1550 0 C), 1873 K,
(1600 0 C), 1923 K (1650°C) respectively. Based on these results

and with the assumption of regular solution behaviour, the

present author derived the enthalpies of mixing of liquid iron

and vanadium ac'differen~ temperatures. Figure.2.7 summarizes

these results.
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CHAPTER 3

3.1 INTROD~C1fON

In this chapter materia1s and e~perimenta1 procedures

used are presented in detai1. The hardware and software

aspects of a microprocessor based data acquisition system

are described. This system was developed specifically for

this research work .

. '

3.2 CYLINDER IMMERSION EXPERlMENTS

fi

The cylinder immersion tests were carried out using a' lr
r'

Tocco meltmaster furnace to melt and contain the steel. It

was a 150 kVA, 4 00""V, 3000.Hz·unit. The inductotherm coils

had 9 turns in a 1ength of 35.6 cm, with an internaI coil

diameter of. 33.0 cm. The alumina crucible, (90% A1 20 3 , 10%

Si02 supplied by Engineered~Ceramics), had an internaI

diameter. of 19.7 cm and a height of 35.6 cm. The molten

charge normally filled the crucible to within 2.5 cm of the

top. AlI of the heats were made by induction remelting an V
initial charge of Armco iron in an alumina crucib1e. Figure

3.1 shows the induction furnace with its' controls. During
~-lj,,"' ..~ . "'"

the meltdown and''throughout the heat, oxidation was min;i.mized

by placing a pipe·;:""O. 95 cm in diameter, slightly above the

rim of the crucib1e. Argon was passéd through the pipe at

a flowrate' of 15 c.f.h. throughout the course of the experiment.

\
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,
Figure 3.1 ·The induction furnace with its controls.
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3.2.1 Materials

The titanium cylinders used, designated as ASTM B-348

GRADE 2, were purchased from Titanium Ltd., Ville St-Laurent,

Quebec. The analysis certificate quotes 0.03% nitrogen,

0.10% carbon, 0.0125% hydrogen, 0.30% iron, 0.25% oxygen and

titaniurn the balance. Thermophysica~ propertie~ for this

type of titanium along with their sources are presented in'
1

Table 3.1..The vanadium cylihders used were purchased from,

Metals and Byproducts Company, Sparta, New Jersey. The

analysis certificate quotes 99.9% vanadium, 0.02% carbon,

0.04% oxygen, 0.02% nitrogen, and 0.02% iron. The properties

of vanadium cylinders were estimated from similar properties

of pure vanadium and are summarized in Table 3.1. High

purity, iron melts were made by melting Armco iron having a

nominal composition of 0.02%-0.03% carbon, 0.05% manganese,

0.007% phosphorus, 0.018%-0.01% sulphur, 0~001% silicon, and

iron,the balance.

In the case of titanium cylinders, the necessary thermo-

couple inserts were made by drilling out 0.31 cm diarneter

holes. For the vanadium cylinders the spark erosion technique

was employed in order to make these holes. The exact

position of the tips of these holes in the cylindrical body

was found by x-ray radiography.

The ferrovanadium cylinders used were supplied from the

Market Development Department of Metals Division of Union

Carbi~e Corporation.

,.
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, , able 3.1 Thermal and Physical Propert~es of Titanium,
y Vanadium and Armco Iron

.
~

/ Property. Titanium Vanadi\lffi Armco Iron
1 .

89 1. 89 100
:DenSity~ 4500 6100 7506
, (kg/m' ) (298 K) (298 K) (1500 K)

'0
..... IHeat 89 55 100
.-; ·Capacity 58Q 498 698

0 ~ (J/kg K) (298) (298 ) (1500 K)

(J) 'Thermal 89 55 100
:conductivity 16 31. 6 32.1
Iw/m K . (298 ) (298 ) (1500 K)

89 91 (est)
iMelting Point (K) 1938± 5 2173±25 1793 . l

91
Phase Transforma-
tion (K) 1155·.0 > - -

Latent Heat of 91

Transformation 8874.8 - -
(J /kg)

1 55 55 100
IDensity
, (kg/m' ) 4100 5700 6960

1
(1938 K) (2173) (1870 K)

1 100Heat
'0 ICapacity - - 822

1(J/kg K) • (1"870 K)..... ,.
::l

0' 'Thermal 90 100

..... IConductivity - 49.4 41 ..2
H Iw/m K (1873 K) (1870),

1 100
·Viscosity - - 5.1 x 10- 3

: (Pa S) .

:volumetric 100
Icoefficient - - 1. 4 x 10-4

lof Expansion (1870)..
'.

" . -
prandtl ,
Number - - 0.102

91 91 63
Latent Heat of
Fusion (J /kg) 322,182 410,370 268,500

. , ,1: .
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Figures 3.2 and 3.3 show titanium and vanadium cylinders,

respectively. In order to eliminate the bottom effects in

the cylinders a steel cap was placed v,ery tightly on the

bottom of the cylinders. This cap was thicker at the corners

where the mèlting is fastèr.

3.2.2 Procedure for Adjusting Steel Bath Chemistry

Sixty-five ·kg heats of Armco iron were rrielted down. The

bath temperature was brought up to 1600°C (1873 K) an~ th~re-

after maintained within ±20 K. For this measurement, Leeds

and Northrup Dip-Tir thermocouples were used, which were

type R (platinum/platinum-13% rhodium). The EMF measurements

Were taken with a Fluke 8600A digital voltmeter. At this

stage the oxygen content of the bath was generally found to
•

be in the range 1100-1200 ppm.

A 100 gr pure silicon addition followed for deoxidizing

39

the steel. The lumps were stirred in the melt for about 30

seconds. Following this, 300 gr of aluminum rods 1.905 cm. . .

in diameter were immersed. Immediately after, 40 gr of lime

were 'dispersed ïn the surface ~f the melt. At this point

the accumulated slag wasquit~ f\uid and skimmed off easily.

After three minutes, samples were taken with a 0.47 cm I.D.

vycor tube, equip?ed with a rubber aspirator bulb. After

deoxidation, the oxygen

to be between 40 and 60

,ontent of the steel bath was found

p~. In order to keep the titanium

content··of the steel bath to a minimum only a limited amount



Figure 3.2 Titunium cylinJer.
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Figure 3.3 Vanadium cylinder.
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of titanium cylinders were immersed in each heat. In any

41

case, the titanium content of the steel bath never exceeded

the 3.0 wt% mark. In the case of vanadium expe~iments each

cylinder was immersed in a new steel bath.

3.2.3 . Procedure for Immersing Bath Thermocouple

Once the bath chemistry had been correctly adjusted,

the next step involved immersion of the bath thermocouple.

As wi~l be mentioned with the mathematical model in Chapter 4,

a continuous monitoring of bath thermocouple is critical to

the success of these dipping tests since melting times are

normally inversely proportional to superheat temperatures

\

For typical steel plant conditions, this
,'."

i'e

only amounts to·at most 100°C, so for a ±5% error, instan­

taneou5 bath temperature must be known to be within ±5°C

maximum.

The thermocouple system chosen was a type R (Platinum/

platinum-13% rhodium). The thermocouple wires had been
•

appropriately placed in a 99.8% alumina double bore insulator

tube (McDane1) with O.D ..2.38 mm. The whole system was con-
-~

tained in a 99.8% alumina sheath 5 mm LD.·, 7 mm O.D., 46 cm

long'with one end closed. In order to prevent slag erosion

of alumina tube) at the melt surface,·· a cement 'collar'

9 cm long and about 3.2 cm in diameter was bound around it

over the appropriate distan~e. Another cement collar of

.the sarne diarnetér and a length of 2.5· cm was placed 6.5 cm
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from the open end of'the alumina sheath. This latter collar

allowed better at~~chment of the alumina tube to the support

stand. Figure 3.4 shows a bath thermocouple.
,

The whole thermocouple assernhly was lowered to within!

7 cm of the bath surface for aQout seven minutes, and it was

connected with a Fluke 8600A digital voltmeter. It was then

lowered to just above the melt surf~ce for about ten minutes.

When the temperature was at 1400·C (1673 K), the tip was

immersed to a depth of 6 cm. The maximum life achieved for

a the~mocouple immersed in this way w~s one and a half hours

at temperatures ranging betwèen 1550·Cand 1650·C (1823 Kto

1923 K).
';".

The platinum wires of bath and cylinder ~hermocouples

were long and were connected with cold junction compensators,. ..

type CJ-R, supp~ied by Omega Engineering Inc., Stamford, Ct.,

U.S.A .•

3.2.4 ,Weight Sensor

: '.. ....

',In this work, advantage 'as taken of a piece of equipment

which had been constructed McGill Unive'rsity. Using this ',' ,

~ath was monitored. Figure 3.5 shows a picture of this
",,1. ..

apparatus while full details are given in reference 49. In

e.ssence, the equipmentprovides a feeding mechanism driven ;,~

l~'kgby a 1/3 HP variable speed DC motor, plus a LEBOW ~

capacity load cell capable of measuring both tensile and
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compressive loads. The load cell was calibrated by suspending

known weights from it and,by subsequently measuring the output

signal for the input excitation voltage of 20 OC. The fol-

lowing mathematical expression was found to be excellent in

converting analog signaIs to force:

/
Net Downward Force (N) = 2.778 (MIL) - 2.996

or (3.1)

Net Downward Force (gr force) = 283.2 (MIL) - 305.5

Correlation = 1.00

where MIL: the output signal in millivolts.

Figures 3.6 and 3.7 give schematic representations of

the induction furnace with the bath and cylinder thermo-

couples and the weight sensor.

The accuracy of weight measurements by the load cell

is equal tb ±4 gr force or (±0.039N).

3.3 MICROPROCESSOR BASED DATA ACQUISITION SYSTEM

The monitoring of ana log signals.frorn the transducers

(i.e. thermocouples and load cell) was carried out with a

novel data acquisition system designed and constructed ex-

pressly for the' present study. Figure 3.8.shows a schematic, .
layout of the d~ta acquisition and a picture of this system

is presented 'in Figure.3. 9.
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Figure 3.6 Schematic representation of induftion furnace croàs section
with bath and one cylinder thermocouple and the weight sensor.
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Figure 3.7 Schematic representation of induction furnace cross s~ction
with bath and two cylinder thermocouples and the weig~t .
sensor. •
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Figure 3.9 A) ~Iicroprucessor, Ain convcrter, floppy disk.
B) PIotter, CRT, Hode1 ~l.
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3.3.1 Hardware Aspects

The hardware was developed on a 50uthwest Technical~

Products Corporation computer system which uses the 55-50

bus ..system. .The following boards were used in this compu~er

system:.

al The MP-09 processor board. It consists of the

Motorol~ MC6809 processor, ROM monitor, memory

management system and buffering circuits;

49

bl Three memory boards 32K, 16K and 8K respectivelY.

, The total nurnber of RAM Memory is 56K;

cl Three serial interface boards MP-5;

dl Orte Interrupt' timer. MP-T board;

e) The DMAF2 Controll~r board;

fl A bus extension board used to bring. the 55-50 bus

<: •
signals to the a~alogue input microperipheral board.

Figure 3.10 depictsan overview. of,these boards. As the

measured parameters are in analog form, a translator was

needed to convert them into a digital form suitable for

computer processing. For this purpose, a BURR-BROWN analog

input microperipheral board (11157218) was used. This micro-

computer analog input system is contained on a single printed

circuit board which is treated as a memory by the CPu. 10l

------Figure 3.11 shows this analog input boar~

The board includes a 25 V input overvoltageprotection,

an analog multiplexer, a highgain instrumentation amplifier

..
. r', '(J

"
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and a 12-bit analog to digital converter with the necessary

timing, decoding and control. Thè analog digital converter

empl'OYS the successive appr<;:ximation technique. As the

analog digital converter output is a 12-bit word, two 8-bit

memory locations are needed for each channel. Address bits

A1S-AS select the board and A4-Al ~elect the analog input

channel to be digitized. The polling mode is used for the

AjD operation. To start a conversion, the board is written

using'a 5TORE (5TA) instruction. The analog input board is

jumper configured so as to operate at any memory location.

For this microcomputer system, the board was configured to

be at location E020 16 . Figure 3.12 shows the MOTOROLA

assemb~er statements which are needed in order for the computer

to perform an analog-to-digital conversion. The range of

the analog input board is jumper selectable and was set at

±2.S V. By increasing the gain of the operational amplifier

by a factor of 100, the analog input board was capable of

measuring the range of ±2S mV. The resolution of analog to

digital conversion for the ±2S mV analog input level is ±12~V.

The interfacing of the analog input board with the micro-

computer was carried out using an extension board and an 86-

pin PC edge connector (5AE-43Djl-2). 'The signals which are

required for the analog input board are supplied from the

55-Sa bus. Two of them (VMA and ~2) are inverted in the

5WTPC bus. In order to make them compatible with analog
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after a con vert command

lS issued, the computer lsnot

all'~~ed,by software

control, to r~ad the board

( -- ! --

c.. 1
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A

B

mi c'roseconds

$E020
#$1 C]
CC
$ ~- (/1 ~.) 1
~ l--- ~ L-__ -L

(/1 \/
U:; A++

Figure 3.12 MOTOROLA assembler statements wl,ich arc neeclecl in order
for the comp'ut~r te pcrform an analog-to-digital conversion.
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'input board requirements, external 'logic was used with an

X inverter. In addition to this, the analog input board

requirements have very small tolerance. Consequently,

because the +12 V and -12 V power lines of the SWTPC system

were not regulated, regulators were incorporated into the

present system.

In order to increase the storage capability and the
r

speed of data transfer, an SWTpC DMAF-2 floppy disk was con-

nected to the computer system. This floppy disk system can .

accommoda te two double sided and double density 8" diskèttes

and each diskette has storage capability of 970 K '(bytes) ,.

The FLEX 9.0 operating systeml02 was used in order tocontrol

aIl the floppy disk operations directly from the user's

terminal.

A Hewlett-Packard 7225A graphies pIotter, having the

17603A personality module was interfaced with the micro-

computer System. The standard RS-232-C interface cable and

the hardwire handshake mode of operation were used for this

interface.

The microcomputer system was interfaced with the central

computing facility of the McGill University System for Inter-

53

"

active Computing (MUSIC). The

the large AMDAHL V7 computer.

MUSIC
'Ii

Using

system is supported by

this interface, any type

of file can be transferred from the system diskette to MUSIC

input file and vice-versa.
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3.3.2 Software Aspects

A real-time software package was developed for the set
, . .

of experiments 'described above.
~~:...

This softwar~:was written

1

\

in ~TOROLA 6809 Assembler l~nguage. I~ was written so that,

when running, they operated in a conversational mode allowing

easy usage for neophyte terminal operators. The software

package, called KINET, was u~ed for monitoring the dissolution

kinetics of solids in liquid steel. The flow chart for this

program is given in Figure 3.13. As seen, eight steps are

incl\lded. In the: first step', the pro~ram .requests the

immersion time (i.e. the length of time that measurements

are to be recorded), then the frequency of measurements per

second. Following this, the steel bath temperature (OC),

below which measurements will start is requested. The program

then calls for the number of channels to be scanned (i.e. the

number of input analog signals to be monitored). Finally,

the program checks with the user that the above data have

been entered correctly, looping back or proceeding, as appro­
$

priate. The program finally determines whether the user wishes

to wait. If not, the system starts monitoring.bath tempera­

tures every tenth of a second .. Once this falls tG that speci­

fied, the computer inforrns, with the message 'Time for

immersion wheh you are ready press R'. Before the cylinder

is immersed in the molten steel, the user presses Rand

scanning starts. At the end of scanning, the computer prints

the location for the first and last ?YTE of data.

(



i- INITIALIZATION
Ji

.
\

KEASURE'~ATH TEKPERATURE

EVERY TENTH OF A SECOND

.

IS T...,.<TmOll.'," 1

NO

YES
WAIT UNTIL THE CYLINDER
IS INSIDE THE BATH

SCANNING STARTS

END OF SCANNING

WRITE FIAST AND LAST
KEKOAY LOCATIONS OF DATA

'END
.

Figure 3.13 Flow chart of the program KINET.
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Figure 3.i4 shows a typical conversational session.

The experimental re~ults could be transferred either to

floppy disk or to a disk file of McGill's large computer

equivalent to the AMDAHL V7. Finally, the retrieval and

conversion of raw data was carried out using a simple FORTRAN

program. The software for th~ Hewlett-Packard 7255A Graphies

PIotter was developed in BASIC high level language. An

assembler fisting of program KINET along with the generated

code is given in Appendix IV.

In addition to the above mentioneOd software, another

software package has been developed which enables the user
~

"of this system to monitor solidification rates of ingots.

Full details about this software package are present~d in

reference 104.

3.3.3 Calibration of Analog to DigitalConverter

Calibratïon was performed by connecting a precision

voltage source to channel zero. A Leeds Northrup 8691-2

millivolt potentiometer was used as a voltage source. The

output voltage was measured with a 8810A digital voltmeter

made by FLUKEo. The offset and gain adjustments were made

while applying the voltages -24~994 mV and +24.981 mV, res­

pectively.' The offset adjustment is made first by using the.

appropriate offset calibration voltage and the program ~FSET

which is listed in Appendix IV.
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WHEN Y~U ARE READY . PRESS R
R
END ~F SCANNING

FIRST DATA WAS ST~RED AT 0000

LAST DATA WAS ST~RE~ AT 2581

Figure 3.14 Ty~ica1 conversationa1 session.

·
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The OFFSET calibration program was Ibaded to the memory

and run. After 100 conversions the program was halted at

the breakpoint and thè contents of the accumulator B was

32
16

, If a difference of' more than 10
16

was present then

the offset trimmer resistor would have been slightly readjusted

and the program restarted again. This procedure was repeated "

again until the contehts of the accumulator were within 10
16

of each other. The gain adjustment. was made in much the

·same manner using the proper gain calibration voltage and

the program GAIN which is listed in Appendix IV.
,

3.3.4 Calibration of Interrupt Timer

The actual osci~lator frequency of thè Interrupt Timer

was adjusted by trimming the capacitor C4. 103 A HP model

5340A electronic cou~ter was used as an accurate time base

for this calibration: The actual count output of the oscil­

lator was taken from pin 10 of IC3. 103

In order to check the accura~y of the generating IRQ
'.,

interrupts from the interrupttüœx board over long periods

of time, a program was written which accepts and displays

hours, minutes, seconds and tenths of a second in a 24 hour

format on the control terminal of the computer system. The

program works by first allowing the 'operator to enter the

correct time. The MP-T interrupt timer board is configured

.for a tenth of a-iecond maskable interrupts, and each time

an interrupt is generated the. program updates and qisplays

•



1·... the new time. Running this program for long periods of

time, the accuracy of interrupt timer was verified.

3.3.5 Signal Conditioning

An electrical noise proble~ was encountered when the gain

of the operation amplifier of the analog input board was set
J

to 100. On thorough testing, this noise was found to be

normally distributed and could be eliminated by. monitorïng,

and subsequently averaging, 128 or 256 samples.fôr each data

point. The former sampling was compatible with the require­

ments of scanning at least four input channels every one

tenth of second while the latter one was compatible with

requirements of scanning three input channels every ohe tenth

of a second.

During the operation of these experiments in the high

frequency induction furnace, significant noise was introduced,

despite tne use of shielded cables to the thérmocouples:

This noise was mo~ulating.as an AC signal and consequently

demodulation and filtering took place. A network of low-pass

filters designed and built for each channel was found to have

ex~ilent response to low-frequency signaIs and at the same

time provided a great deal of attenuation at high frequencies.

A schematic layout of a l~w pass fil ter is presented in

Figure .3.15. For this fil ter network the eut-off frequency

may be computed as follows:

'"
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L f
./.:f'

l
= 21TRC

where C: size of capaci,tor in farads;

R: resistance in ohms;

f:
'"

the eut-off ,frequency in Hz above which signaIs
\ /'

are effectively eliminated.

.'

The noise was reduced to a tolerable level by using a

. resistance ,of 10K and capacitance ofl~F. The eut-off frequency
.,

of this low-pass'filter was 15.9 Hz. SignaIs of higher

frequency were largely eliminated. The filtér was placed
, ~

very close to the an~~g input board.

3.4 PROCEDURE FOR CYLINDER IMMERSION TESTS

•
·Once the steel bath chemistry had been correctly adjusted

and the bath thermocouple had been immersed into the steel
, . , .

bath, the tempe ratUre 'of. the steel· bath was biought up 20

to .30 K above che specified temperature. The power to the

induction furnace was then switched off and the data acquisi-

tio~ started to me~sure the steel bath temperature. When this

temperature was lower or equal to the specified oath tempera-

tUFe, a messa~e was issued on the terminal 'Time of imffi~rsion

now when you are ready, press R'. The apparatus which carried
.
the load cell was then brought to the top of the steel bath,.
and scannïng of the specified channels started a few·secorlds

prior to immersion. When the message 'End of scanning' appeared
"

on the terminal ·the remaining'portion o~ the .CYl~nd7r wasj
withdrawn from,tfie steel bath and removed from the load cel~.
t~,
'.1

•

, .
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3.5 INDUCTION HEATING OF COMPOSITE SAMPLES

In order to prod).lce a steel-ti tanium interface, sml'l.1l

cylindrical saÎnples 2.54 cm in diameter and 1.5 cm long
- . ~

were machined and pressed tightly together. Figure 3.16
,

shows a schematic cross-section paraI le1 to the cylinder

vertical axis. A small hole with a diametei of 3 mm was
\

then drilled through the iron up to iron-titanium interface.

The composite sample was placed in the ihduction coiland

through it, thermocouple wirés were passed until the hot,
junction met the ~eel-titanium interface. Figure-3.1? shows

the composite sample placed in 'an induction coil with a

thermocouple at the steel-titanium interface.

The composite sample was then heated up inductively and

the temperature-time history of the interface was recorded
, /

with' the data acquisition system.describeJ. The electrical

noise problem from the induction coil was eliminated by

monito~ing and subsequently averaging 512 samples for the

, -thermocouple every tenth of a second. A modified version

of program KINET was used for this type of experiments.

).6 CHEMICAL ANALYSIS ,..}. ~ .
The carbon analys~s was done with an IR12 carbon analyser

manufactured by Leco Corporation. The analyse~ -operates on

the principle of oxidizing an inductively melted sa~ple placed'

in,an oxide crucibl~ by passing a stream of pure oxigen over

"

a

it. The CO
2

thereby~produced

/

is analyzed in the oxygen stream
c

by means of a luft cell wpose electric signal was electronically
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Schematic cross-section of the composite sample p~rallel

to the cylinder vertical axis .
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integrated so as to give digital carbon weight percent

readings.

The oxygen analysis was performed with a Leco RO-17
,

oxygen determinator. It used the inert gas fusion method.'

The sample was placed in a previously heated degassed graphite

crucible. The crucible was resistance heated to a sufficiently

high température 'for the sample to melt. The oxygen ,in the

sarnple was converted to CO which is analyzed in a luft cell.

Th~ iron, titaniurn and aluminurn analysis was done using

wet analytieal rnethods. The sarnples were treated with aqua

regia in order to dissolve their métal contents. The solutions

were then diluted and atornic absorption was performed using

a Pye-Uniean Spectrophotorneter SP 190.

In a few samples spectrographie analysis was performed

at Sidbee-Dosco in Contrecoeur, Québec, and iron and titanium

wet analysis at QIT, Sorel, Quebec.

, .

. ,

, .,

,},



CHAPTER 4

MATHEMATICAL· MaDEL

The mathematical model described in the present text

has been developed to predict heat and mass transfer events

which occur when a high melting point additive. is held

motionless below the surface, of a steel bath. A cylindrical

shaped object was chosen in order to take 'advantage of pre-

scribed or known heat transfer coefficients reported in the

literature for cylinders. Binee temperatures within the

main body of the cylinder are affected mainly by heat enter-

66

ing in a radial direction from the bath, conduction up J

,through the bottom surface has'been ignored. Consequently,

the mathematical modelling work'presented in this thesis

refers to a one dimension.. model.

ference method was employed to solve

The explicit finite dif-

the set of steady state

differential heat transfer equations and accompanying boundary

conditions and equations.

4.1 GENERAL EQUATIONS OF THE MaDEL

For an isotropie material, the heat conduction equation

may be written in cartesian cqordinates as: ,)

'.

a'ea[-
ax'

a'e+
ay'

. If'
q (x,y,~) =

p C
P

..,

ae
at (4.1 )



1, where

C : heat acity
p

p : densit ,,

k: thermal con ty

67

Cl =
k

-C-:
p p

thermal diffusivity

qll': heat generation per unit volume

.For a cylindrical coordinate system, the spatial

variables are the radial distance r, the axial distance z,

and the angle w. These variables are related to x, y, z as:

"

x = r COsW

y = r sinW

z = z

Using these relationships equation (4.1) may be written as:

\

ar'

a' e + 1: ae of l
r ar

a' e+ --
az'

In "thé absence of heat conduction in the axial direction,

ae/az = 0 and a'e/az' = O. If in addition, the heat flow is

symmetrical with respect to the angular component, W (i.e.

conditions at rand z, uniform and indeRendent of w).
! ' ,

Equation (4.2) .reduces to:

ar'

•

a'e + 1: ~.+ g"'(r) =
r ar k

l ae
aat (4.3)
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f
Finally, without any 'heat generation, this general equation

simplifies to that for transient, radial conduction of heat

in a cylinder:

~
'"

)i. ._
'. ," ,

a' e + l ae l ae
=

ar' r ar Ci at

or

ae Ci a (r ~Jat = ar-r ar

(4.5) ,

(4.5)

•

Figure (4.1) presents a typical set of circumstances

existing during the'growth and melt back of a steel shell on

,a cylindrical additive immersed in liquid steel. The diagram

represents a schematic cross section perpendicular to the

cylinder's vertical axis. Appropriate expressions for

transient conduction in the solid additive and the steel

•shell are therefore:

SoUd additive:

o ~ t < ttotal

ae
at = a ( ~)

ar r ar (4.6)

SoUd steel sheU:

* *r
l ~ r S r Z

, 0 :i t S ttotal

ae CiFe a (r ~) /=
at r ar ar

..

'.

(4.7)
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t

,For titarlium, whEm the steel shell/titanium interface
. ,. ,

-èxceeds a certain threshold temperature, an exotherroic re-

action is initiated. This phenomenon can be represented

(in its most simple forro) through a constant heat generation

terro at the inner steel shell interface, together with

associated erosion of the steel shell. T is erosion is caused
'"

by a constant flux oi dissolved titanium, supplied through

dissolution of the titanium core. Fi re.4, 2 pres~_I1ts these'
~~;

phenomena in schematic forro.

4.2 INITIAL CONDITIONS

Prior to immersion, the temperature of the cylinder is

taken to be uniform at 8'0 and the radius of t,he cy1inder is

*denoted by rI. Expressing the above conditio'ns mathemàtically

*t = a and a ~ r ~ rI

(4 • 8 )

The bulk temperature is taken to be constant prior to

immersion:

t = a and r >

(4. 9) \

Finàlly, at time t = a

)

(4. la )
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for developing the mathematical model.
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4.3 BOUNDARY CONDITIONS

In writing boundary conditions, these have been listed

in a systematic way starting at the cylinder's cèntre and

time zero and proceeding radially outwards towards the liquid,
steel bath. Since the phenomena occurring during the dis~

solution of titanium in' molten steel are qui te complex, it

, was decided to present the boundary conditions in two differ­

ent sections: the first for titanium and the second fo~

, ,
vanadium,;

4.3.1 Boundary Conditions and Equations for Titanium

As the radial heat flow is assumed to.be symmetrical
,

about the cylinder's central axis, the net heat flux at this

axis must be zero:

(4.11)

The interfacial heat fluxes prior to the exothermic

reaction between the 'steel shell and titanium can he taken

equal:

(4.12 )

'.
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The difference in temperature between the inner surface

of the 'steel she.ll and the surface of the titanium cylinder

depends on ~, the interfacial thermal resistance.

a < t < t
R

, r = r. l

.q_" =
R'

T

*8·s
(4.13)

Perfect thermal' conta~t is established at rI' once a·

*eutectic liquid of iron and titanium has formed (8) 1090°C

or 1363 K) at t~s greater than t R:

t R < t < ttotal' r = r,.1

*~ = 0, 8 > 1363 K

(4.14)

When the exothermic reaction starts, the difference

between heat fluxesinto and out of the interface or reaction

zone must be'balanced by the heat flux generated from the

exothermic re~ction. Making the approximation that this zone

be treated as acting.as the original iron/titanium interface,..
one can write:

t ~t~t 'r=rR total' 1·

-K 38 + Nil QII = K_' 38
Fe 3r Ti Gen --~i 3r

•

(4 • 15 )
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''t

The temperature at the interface between the steel

shell and the liquid steel is constant and- equal to the melt-

ing point of the steel bath.

V-~;' 0 < t < ttcital V-

s = SM.P.Fe (4.16)

The difference between the heat fluxes from the bulk

liquid steel to the interf~ce at r Z' and from this interface

into the body of the steel shell is used to freeze or to

melt the solid shell. The relevant mathematical statement
A

is thus equation (4.17): ..,;

V-t, o < t < t l'tota

as·ar)
Fe,shell

= pL" ar + q"
~e Fe at conv (4.17)

.,.

/" .

The heat flux, q~onv' which was u~ed in equation

(4.17) will depend on the heat transfér coefficient as

as the temperature ~driving force':

q" = h (SBath - S ' )conv M.P.Fe '

weIl'

\

, (4.;18)

"

The mass transfer phenomena occurring at the inner:

steel shell wal~ at r = r{ can be expresséd by the following:' ,

•• ,'f
\>
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(4.19)

Finally the temperature of the steel bath far from

the steel shell can be regarded as being constant:

~t, 0 < t ~ ttotal

r + ro, ° = 0bath '

4.3.2 Boundary Conditions for Vanadium

(4.20)

Vanadium follows a'more conventional route during

steel shell formation and melt back. In this case, there

is ,no exothermic triggering mechanism at the steel shell/

vanadium interface and no equations equivale~ to equations

(4.14), (4.15) and (4.19). The remaining boundary conditions

are applicable,however,during steel shell formation and melt

back.

~t, 0 < t < ttotal (4.21)

ttotal is the time during, which a frozen steel shell surrounds

.'
the addition.

4.4 NUMERICAL MODEL

As the set of partial differential equations (4.6)

and (4.7) is too complex for analytical solutions with such

'boundary conditions, rlumerical procedures were employed to

predict shell thickness, melting rates, etc. as a function

•

•



of time. The explicit numerical technique was employed for

solving the set of partial differential equations and boundary

conditions just described.

4.4.1 Assumptions Involved

The technique of numerical integration involves certain

simplifying approximations. These are discussed in a later

section of this· chapter. Assumptions in describing the

physical phenomena of a cylinder's dissolution/melting were:

(i) Conduction up through the bottom surface was

ignored. Thus temperatures in the main body of the cylinder

are affected only by heat entering in a radial direction from

the bath.
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(ii) The heat transfer was taken to"be symmetrïcal

about the cylinder's axis (i.e. slight variations with respect

to length are ignored.)

(iii) The immersion of the ferro-alloy cylinder (i.n the

liquid steel is assumed to take place instantaneously.

(iv) The cylinder maintains its outer physical dimen­

sions during the freezing and melting process-involved (i.e.

variations of density were neglected).

(v) The material within each elemen~l volume or node

wàs assumed to have uniformtemperature and thermophysical
- ,

properties. t

(vi) The tempe rature of the solid-liquid steel inter­

face was constant during the freezing or melting process of

steel shell. ,
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4.4.2 Formulation of the Numerical Equations

In order to set up the relevant numerical equations

for the solution of the heat transfer problem, it was decided

to conside! a typical section of the cylinder as shown in

figure 4.3. As seen, the section was considered to be com-

posed of equally spaced elemental volumes with nodal points

:)ocated at their ce~~res. The central nodal point located

liln the cy.linder· s axis was designated as number l, and succes-

sive points as 2, 3, 4, etc. The cross-sectional area, Al
r

refers to the surface area located halfway between nodal

points land 2, and the volume VI to the volu~e of the segment

bounded by the cylinder's axis and the surface Al' Similarly,

volume V
2

refers to the volume of the segment bounded by

surfaces Al and A2 . Thus for the diagram shown in figure 4.3,

subtending an angle ~ of l radian and of unit length above

the cylinder's axis, the relevant cross-sectional area Al and

volume VI are given by:

Dx
2

DX 2
-8-

Similarly,

by:

~the cross-sectional areaA
2

and volume V2 are_given

3Dx
= -2- Dx 2
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\j.N, N ~ 2

Thus! writing a heat balance for nodal point N for
<f.

un~teady-state heat conduction between N and two adjacent. ,
nodal points' (N+l) and (N-l) yields the general equation:

79

8' = 8 {l-M(~)
N N 2N';2

\
M(2N-3)} + M(2N-l)

2N-2 2N-2

8' represents the
N

at time t+6t.

where M =
KDt

\

8N\1

\
\
\

new temperature
. \

\

\...

(4.22)

of nodal point N

Equation ~.2~ is the numerièal equivalent of differ­
\

ential equations ~.6)and ~.7) cast in \the fini te difference
\

explicit form. In Appendix II, equat{Qn ~.22) is derived,
directly from partial differential eqU;\ions ~.6) and ~.7).

, As seen, a knowledge of the nodal point \emperature at time t

allows new nodal point tempe ratures 8',

time t+6t in any region of the cylinder

steel shell).

be calculated at

e., addition,

The finite difference equation for the central nodal

point l, satisfying boundary condition (4.11) is:
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(4.23)

Referring to the figu,re 4.4, let us assume that the

solid shel~liquid steel interface at time t is· in position A.

Let X
t

be the distance between the last nodal point N+l and

the liquid-solid steel inter'face. At time t+ot, the new

interface position is given by a dashed line. Then the rele-

vant boundary condition equation (4.17) can be written in

finite difference form as follows:

,
e -

= K (M. P. Fe
Fe X

t

(4.24)

Here, p • steel densityFe·

L
Fe

: steel latent heat

K
Fe

: steel thermal conductivity

h: convective heat transfer coefficient from bath

to outer surface of the addition.

When X
t

exceeded Dx' (radial nodal point distance), a

new nodal point was assigned, labelled N+l. The remaining

nodes were relabelled, becoming N, etc. Similarly, wheri or

became negative, the r~verse procedure was applied. In the

case where a new nodal point was assigned and labelled N+l,

the temperature for this new nodal point was calculated, using

linear interpolation between the temperature of nodal point N
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and the melting point of steel (temperature of solid-liquid

steel in ter·face) .

The above notation is illustrated in figure 4.5. The

following equation gives the temperature of the newly assigned

nodal point, N+l.

(8 M. p . Fe ·DLX + Xt '8N)
X

t
+ DLX (4.25)

where 8N+
l

: new temperat~re for new nodal point (N+l)

8N: new temperature for the N' no'd~l point

8 : steel melting point.
M.P.Fe

'Referring again to figure 4.4 the finite difference

equation for thtinite

N+l therefore b mes:

element corresponding to nodal point

M (2N+ll Dx
X

t
2N

- M (2N-U]
2N

+ M
8 .
M.P.Fe

X
t

2N+l 2N-l
~ DX + M~ 8N

(4.26)

The M or Fourier Modulus appearing in~ (4.22),

(4.23), (4.26) is dimensionless and represents:

M
K'Dt

P'Cp'Dx 2
(4.27)
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where K: thermal conductivity

P: density

Cp: heat capacity at constant pressure

Dx: distance between two adjacent nodal points

Dt: iteration time.

In the case where there is heat generation insidè an

elemental volume N, this is taken into account through proper

modification of the corresponding finite difference equation.

Referring to f~gure 4.3, let us assume that heat ~s

'1fJ •
generated in the nodal point, N, at a rate of Q per un~t ,
volume. Writing'a heat balance for nodal point N for unsteady-

state heat conduction between N and twoadjacent nodal points

(N+l) and (N-l) yields the general equation:

8' 8 {l - M 2N-l 2N-3} (2N-l)
N N ~ - M 2N-2 + M (2N-2) 8 N+l

+ M(2N-3) 8
N

_
l

+
2N-2

QIfJ Dt
p' Cp

(4.28)

.",

where,Q :

, f1:

~eat generation per unit volume

d~s1~y r-
Cp: heat capacity (at constant pressure)

Equation (4.28) represents the generalized transformation of

equation (4.3) into an equivalent fini te difference form.

During the heating of cylindrical additives, phase

changlès may occur ,( i.e. ti tanium Cl can transform endothermically
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to B at ll~r 882°C).

The numerical model took this transformation intol

account in the following way. Thus, once the temperature at

nodal point N, SN' reached the transformation temperature of

The difference between S'
N

the addition, SN was computed.
\_;':1,

and the transformation point tempe rature STR' w~ then accumu-

:::::eU::::ni:ye:::::::no:4~::~:dedthe fictitious temperatur~

(4.29')

•

where ÔTTR : fictitious temperature change

L TR : the latent heat of transformation of the addition

c
ps

the heat capacity of the solid cylindrical

~,/

During the course of this accumulation process, SN was always

reinitialized to STR after each iteration. Once node N

• accumulated a' temperature increase equivalent to ÔTTR the

material comprising nodal point N was considered to be fully

transformed (i.e. transformation of titanium a to titanium, B) •
,

For a given nodal point N, the M modulus can have two

va)ues, ~,N-l' ~,N+l' The first corresponds to the centrally

directed heat flux bearing nodal point N, i.e. the heat flux

between nodal point N and N-I. The second value corresponds

to the heat flux ente ring nodal point N, from N+I. The..
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. ,.

existing at the adjacent nodal points (i.e. N and N+l or N

and Nil).

\ For the a phase of the addition, the value for the M

modulus is given by the fqllowing formula:

•
M =a (4.30)

where Ka: thermal conductivity of the a phase of the addi~~

Cpa : heat capacity of the a phase .

•
For the B phase of addition the M modulus becomes:

where K
B

: thermal conductivity of B phase

CpB : heat capacity of B phase.

~

( 4 • 31)

For the steel shell region, the M modulus is given~:

K Fe Dt .~M =
Fe. p C Dx

Fe .PFe

where KFe : thermal conductivity of steel

PFe : density of steel

CpFe : heat capacity of steel.

('
'.

(4.32)
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When nodal point N is in the a phase and the adjaçent

nodal point is in the R'phase, the M modulus was assigned

the following formula:

K Dta-B

,

(4.33)

where the K is the equivalent thermal conductivity taken as:a-B

Ka-B (4.34)

For the case in· which a .nodal point N is in the R phase·

and the adjacen·t nodal point is in the a phase then

•
Ka-B Dt

M (4.35)B-a p Cp D~2

Kwas given in equatiôn (4.34)a-B

The presence of a thermal resistance between the

addition and the inner surface of the steel shell necessitates

the modification of dimensionless numbers M, which are applied..
to the relevant numerical fquations. This thermal resistance

ma~ be a gas layer or a thin oxide f~lm. For mode~lin~ purposes

it is assumed that this thermal resistance is of negligible
'.~

thickness and heat capacity: In'the solidification or melting

of the steel sbell there are two ~istinct situations. The

first is depicted schematically in figure 4.6. In this case
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there is no nodal point in the steel shell, sincé the shell

thickness is smaller than the radial nodal point distance.

The latter case is illustrated schematically in figure 4.7.

H~re, there is a nodal point in the steel shell, since the

shell thickness is greater than the radîal nopal point distance.
o

Referring to fïgure 4.6, the heat flux through the steel shell

is expressed as:

(4.36)

where Kpe : thermal conducti\ri ty of steel

Xl:, /

"
-/ 1I8 pe :

'steel shell thickness....
temperature difference across the steel shelI.

The heat flux through the inter facial resistance is

given as

•

/'
-'

(4.37)

whe·re R: thermal resistance

1I8 R: temperature difference across the thermal resistance.

,1/

The heat flux between the steel shell addition interfâée'-".., .

and the nodal point N+l was expressed as:

\

,.

K. s
~ DX72 Ils s
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where K: thermal conductivity of addition
s

68
s

: temperature difference across the steel shell

addition interface and the nodal point N+l.

For the heating period during which thermal resistance

q"Fe

)
(4.39)

where K the equivalent thermal conductivity
eq

X
t

: distance between nodal point N+l and liquid-steel

interface

68total: tempe rature difference across liquid-solid steel
•

interface and the nodal point N+l.

From the definition of 68 the following relationtotal

is obtained: ..-1
(4.40)

From equations (4.36), (4.37), (4.38), (4.39) and (4.40) the

following expression 'is derived:

K
eq

(4.41)
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For the case which is depicted schematically in

figure 4.7, a similar procedure was followed.

figure t~~17the eqùivalent therm~l conductivity

points~ and N was expressed by:

Referring to

between nodal

K =
eq

(4.42)

1

Note that this expression can be derived from (4.41)

if Xl ~ DX/2 and X = Dx.
. t

4.4.3 Stability and Accuracy

A critical feature~f any finite difference technique

is its stability and accuracy. For a numerical solution of

a finite difference equation to be of any value, it is self­
~

evident that its solution must converge correctly. Thi?

occurs (i.e. the accuracy improves) when the finite increments

DX (distance between nodal points and Dt (time iteration step))

. 68 69 70are decreased in size. Analys~s shows ' , that a res-

trictive relationship between the size Dx and Dt exists when
1

using the explicit fini te difference technique.
~

For cylinder

modulus (M = K DT/r

coordinate)? it is

Cp Dx 2
) should Dot

readily shown that the

be greater t~.25.

If this criterion'is not satisfied results become unstable

and will oscillate from one time step to another, the term

(f-4M) in equation (4.23) becoming negative. The value chosen

for M in the present calculations was 0.06. It is worth' noting
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that smaller M values made no significant changes in the

numerical solutions.

4.4.4 Computer Model

The·numerical calculation is performed in the following

w.ay. The temperafure and the M modules for aIl nodal points

are initially assigned with values corresponding to the

initial temperatures and initial M modules for each material

used. Tflen over the next time step, Dt, the temperature of

aIl nodal points are recalculated using the finite difference

equations (4.22), (4.23), (4.26). The shell thickness is

calculated using equation (4.24). After that, the correspon-

ding M moqules for each nodal point are assigned and the

calculations for the new temperatures can be repeated over

successive time intervals. The above are easily converted

in FORTRAN computing language.

A program called DISSOLUTION was written in FORTRAN /

computing language, compiled \~i th FORTRAN H compiler and

executed on an AMDAHL V7 computer. A list of this program

al~ng with aIl syrnbols appears in Appendix IV.

4.5 COMPARISONS OF NUMERICAL MODEL PREDICTIONS WITH ANALYTICAL
'-.:

SOLUTIONS

In mathematical modelling it is essential. to demonstrate

general validity by comparing a model's predictions with any

cases where analytiéal solutions might exist. In this section

of the thesis, the numerical model was adopted to run under
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three different limiting conditions for which analytical

solutions are available.

4.5.1 Case 1: Infinitely Long Cylinder Subjected to Sudden

Temperature Change at Surface

If a cylinder of inf~nite length and zero initial

temperature has its surface maintained at e , a constant,
a

for t > 0, the solution for the transient tempe rature field

is given by71

e
oa

1-2
00 -S2 T
E e n

n=l

JO (rSn/a)

Sn J l (Sn)
(4.43)

where a: cylinder radius

k: thermal diffusivity

T: kt/a 2

0: temperature of cylinder at radius r

JO(X}: Bessel function of the first kind of order zero

J
l

(x): Bessel function of the first kind of order one

Sn: n 1,2, .... are the roots of Jo(S} a (4.44)

The SUffi of the right hand side of equation (4.43) was

computed from the first eight terms,the roots for equation

(4:44) being obtained from reference 72. The solution to

equation (4.43) is given in reference 71 in graphical form.

Owing to

computer

the uncertainty in reading values fr~m these plots,
.~

programs were written by the author f;~ equation (4.43).,
The results are presented in graphical form in Figure 4.8
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Figure 4.8 Temperature distribution at various times ln " cylinder of

ra.dius .:l with zero initial tempe rature and surface tcmperature

0 . The solid lines show the results of analytical solution
a

(i.e. equation 4.43). The points depict results of the numerical

mode 1. The numbers on the curves are the values of T = Kt / a' .
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together with predictions from the present model. As seen,

there is excellent agreement between the analytical'and

numerical solutions.

96

4.5.2 Case 2: Infinite C linder with e t Generated within It

Consider the case of an infinit cylinder of diameter a,

at zero initial tempe rature with onstant heat generation at

a rate 0 0 per unit time and pe unit volume at t > O. The

t t h ' ~ - h l' d ' h ' by73empera ure on t e 1ns~uc~ t e cy 1n er 1S t en g1ven

o = 4K 3
Cl Jl(a Cl )n n

(4.45)

Substituting a Cl
n

and kt/a 2 T

the following eguation is derived:

4 K 8

o a 2

o

2
l - (E)

a

00 -S 2 T
-Sl:e n

n=l

Jü(r Sn/a)

S~ J l (Sn)
(4.46)

where K:

r a:

8 :

thermal conductivity,

cylinder radius

temperature of cylinder at radius r

The solution to eguation (4.46) is given in reference 73

in a graphical forro. As before, due 'to uncertainties in

reading values from these plots, computer programs were

written so that particular solutions to the eguation (4.46)
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could be evaluated more accurately. The results are plotted

in figure 4.9 for comparison with equivalent predictions of

the present models. Again, the agreement between analytical

and numerical sorutions is excellent.

4.5.3 Case 3: Exact Solution of Freezing Boundary with

Cylindrical 5ymmetry

74JaegerCarslaw and present a~;r~ical solution for

the problem of freezing with CYlindri~ymmetry. Consider

the case where-the surface of separation between the solid

and liquid phases is at~~us r =.R(t), The liquid region

has the thermal constant~p, Cpl ' K l , al and exists for r > R.

The solid regions exists forr < Rand is assigned thermal

constants p, Cps ' Ks ' as· If 8 2 (r) and 81 (r) are the tempera­

tures in the liquid and solid regions respectively and 8 is
. mp

the mel ting point, the boundàry conditions at r_ = Rare:

8
2

- 8
mp (4.45)

and

- K
l

dR­
LH P dt (4.46)

where LH: latent heat of solidification

p: density

For the case ofa continuous line source along the axis

r = 0 which extracts heat at the rate Q per- unit time at t > 0,

the temperature distribution in the sOtid region is given by
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a < r < Rfor

o
mp + Q ;Ei(­4TTK s

r 2

4ï<t}
s

- Ei(-À 2 }} (4.47)

The temperature distribution in the liquid region is given by:

for

where

..
= 0

'"

r >'R

R 21. (a t)~
s

(0", - 0r-w)

Ei'(-À 2 as / al )
Ei(- (4.48)

,-

/
C~:

(4'>49)

À is the root of

Q -À 2

4TT e +
Kl (0", - 0MP)

Ei(-À 2 a
S
/a

l
)

1. 2 a
s

LH p

The function Ei(x) ,is called exponential integral and is

defined as

Ei(x) (4.51)

LH: the latent heat of solidification.

Initial conditions
III

(t = 0) at the central axis (R = 0) are

8"" i.e. at the qeginning of freezing, the whole

region at r > a is liquid with a temperature 8"" For t > O~

r.'
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r + 0

= Q

(

100

(4.52)

•

"

Equation (4.52) expresses in mathematical terms, that. .
a continuous line source ,~along the axis for t > 0 extracts

heat at a rate of Q per unit time.

Paterson has shown75
that ~quation (4.50) has only, one

positive root. The 'secant' method 76 was used in order to
,

find the root of equation (4.50). 'In this way, the propagation

of a fusion ooundary can be expressed by equation (4.49).

This solution was also used in order to check the

accuracy of the author' s numerical model. 'Thus, by predicting

the advance of a solidifying front at the steel. shell (radius

r
2

, figure 4.1), analytically equivalent computations could

be checked.

For a given of Qin.equation (4.50) a value of À was

computed using the 'secant' method. By using equation (4.49),

the time taken,t IN , was then calculated for the case of the

s~lid-liquid'interface 'being at a 'specified radius Rl. The

temperature profile in the solid region was calculated ,using

equation (4.47). This profile was then used
\

ditions in the numerical modèl. In order to

as initial con-
./

simulate precisely

the cQnditions of the line source along the cy}inder axis

which ar~ expressed in equation (4.52), the temperature of

nodal point l (fig~re 4.3) was computed using equation (4.47)

at every iteration step. Figure 4.10 presents results·from
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the analytical and numerical solujions·for various heat

extraction rates, Q. As seen, excellent agreement exists

between these two types of solutions.

4.6 NATURAL CONVECTION FROM VERTICAL CYLINDERS

There aTe two categories'in the experimental and

theoretical studies of natural convection. ~he first is

uniform heat flux between the convecting fluid,and the solid

plate, and the'second is unifor~surface temperature of the

solid. The latter case corresponds to 'conditions for the

present study: the constant tempe rature represents the melting

point temperature of the solid in contact with the liqtiid. It

is assurned the laminar flow conditions in liquid metals

"'9
p~evail up to Gr Pr (Rayleigh number)= 10 , the transition

81value reported by Holman. Above this value, turbulent flow

conditions prevail.

4,.6.1 Laminar Flow

The equation for natural laminar convection to a,flat

plate proposed by Churchill an~ Usagi 80 for a uniform surface
,

temperature was used .

NU
X

' fIat plate
0.503(Gr prjO.25

,x

, ° 492 9/16 4/9
(,1 + (pr) )

(4.53 )
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Sparrow and Gregg 77 and Cebeci 78 have computed the

deviation that will occur between local Nusselt numbers for

cylinders and flat plates, owing.to curvature of the former.

78 " 77
Cebeci extended the results of Sparrow and Gregg to fluids

having Prandtl numbers. as low a,s 0.01." Sorne of these da\~ of

C b .78 l t d b M .• d,79 . h l te ec~ was corre a e y ucc~ar ~ ,us~ng t e eas square

technique, to give:

Nu ,cylinder
x

Nu ,flat plate." x .
0.2672 E Pr-0 . 42 + 1.011 Pr- O. 02 ,

(4.54)

where Nu .,cylinder: the local Nusselt number, x units from'
x "

the leading edg,,- of a vertical cylinder;

Nu ,flat plate: the local Nusselt number, x units fromx

the leading edge of a vertical plate;

x: the distance from the leading edge;

r: the radius of the cylinder

Gr : the local Grashof numberx

E : the dimensionless tranverse-curvature parameter

which \s defined as: ".

(4.55)

Thus, the appropriate final expression for estimating .

•
heat fluxes around cylindrical bodies is arrived at by combining

the equations (4.53), (4.54) and (4.55).

\
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2/2•
Nu ,cylinder = 0.2672 Pr-O. 42

x Gr 0.25
x

(~)
r

x

x

0.503(Gr Pr)0.25
x

° 492 ~/16 4/~
(1 + (~ ),'

0.503(Gr Pr)0.25
x

(0.492) 9/16) 4/9
Cl + Pr

+ 1.011 pr-O.0 2

(4.56)

The reliability of these correlations have been estab­

lished in independent work46,~,:9 where solid/liquid metal

systems were studied that involved natural convective heat

transfer to vertical cylindrical surfaces of uniform surface

temperature.

4.6.2 Turbulent Flow

Experimental heat transfe7.data and r~ommended cor-

l . t db' th 84,85,86,87 h "f're at~ons repor e y var~ous au ors s ow s~gn~ ~-

cant scatter (i.e. "40%). ',While the present experiments were

carried out under conditlons dominated by laminar flow,

turbulent natural convection heat transfer coefficieçts can be

estimated on the basis of the following correlation:

Nu = 0.10(Ha)1/3

where Ra: Rayleigh number.

,q

•
(4.57)
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of Warner

is in remarkable agreement

derived from experimental

83analytical correlation of Bayley .

Equation (4.57) was

d .88 d' tan Arpac~ an ~

.applicability of equation (4.57) to Raylei

4.7 HEAT TRANSFER MaDEL FOR ESTIMATION OF A CYLINDER'g

THERMAL CONDUCTIVITY

A numeiCcal model was developed in order to estimate

the thermal conductivity of ti,t~nium. In essence, this model

solves the differential equation (4.5) for a variable surface

temperature with no·moving boundary.

In many of the present experiments, two temperatures

in the cylinder were measured, one at the center and the other

close to the cyl.inder 1 s edge. It is then possible to solve

cylinder~s edge and the fact that aejar = 0 at r = O.•

equation (4.5) numerically using as one bOUndrry

the:measured time-temperature relationship close

condition

to the

Tb,s,
",/

the model accepts as an input parameter the near surfaces

temperature-time relationship to comput~ the centerline temper­

ature for a given thermal conductivity. The thermal conductiv­

ity best fitting the measured and predic:ed centerlinr tempera­

tures then provides a good estimate (~±5%) of the cyl~nder's

\' \
thermal conductivity over the temperature range investigated.
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CHAPTER 5

/ \
"!

RESULTS AND DISCUSSION ON TITANIUM DISSOLUTION

IN LIQUID STEEL

5.1 INTRODUCTION

In this chapter, the experimental results obtained for'

the dissolution of titanium in liquid steel are discussed.

Two sets of immers'ion tests were carried out. The first set
'\

involved simple dipping experiments in which titanium cylinders

were immersed in liquid steel for different time periods.
, ,

~ey were then withdrawn and the steel shell thicknesses and

the reaction zones were measured after first cutting the
•

cylinders in half. The total number of titanium cylinders

for this set of tests was fifteen. The cylinder diameters

ranged from 3.Bl cm to 1 .. 905 cm.

The second set of immersion tests involved 'the dipping

of titanium cyiinders together with simultaneous monitqring

of cylinder and steel bath temperatures, and displaced weight

during the dissolution. Thirty-eight cylinders were used for

this set. The cylinder diameter ranged from 5.0B.cm to

2.54 cm. For the cylinders with a 2.54 cm diameter only the

center line temperature was measured while for the larger

diameter cylinders ~i.e. 3.Bl cm and 5.0B cm) temperatures

at two locations were measured: one at th~,centerline, the

other at a position closè to the edge of the cylinder.
1
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In,a. further series of tests, the reaction starting
tG

temperat~re between iron and titanium was studied. Five tests

.were carried out.

Results of titanium thermal conductivity and reaction

starting temperature are presented in the first sections of

this chapter. In the following section a typical experimental

result"is' analyzed together with model predictions and two

periods of dissolution are identified. In the later sections

of this c~apter, detailed analysis of the two dissolution

periods is carried ~ut. Finally, in Appéndix l, typical

results for the seconp set of immersion tests are pr~;6énted
1

in graphical form. At the end of Appendix l a qualitative•
simulation of ·titanium di$solution in liquid steel usin~ the

Calcomp 663 digital pIotter is presented.

5.2 TITANIUM THERMAL CONDUCTIVITY AT ELEVATED TEMPERATURES

The thermal conductivity

tests (ASTM B 348 Grade 2) is

of titanium used

~9reported to be

in the present

0:16 w/cm K

•

'.,

,

at room temperature. However, this property isnot known
, (;j

for higher temperatures and the recommended values for

thermal conductivity for well-annealed high purity poly-

crystall.ine t.itqnium shows considerable change (accor~ing to
, 90

Ho et al. ),. especially at elevated temperature~. The

numerical model described in section 4.7 was used for acquiring

the necessary information on meta.l conducti,vi ty..r;;

(
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Figures 5.1 and 5.2 show two typical applications of

the numer ical model discussed in section 4.7. The heat

capacity data was taken from Hultgren et al. 91 The density

at room temperature was taken from reference (55). The

92density at higher ~emperatures was evaluated from McCoy's

thermal'expansion data assuming isotropie thermal expansion .
...

Curve 3 in. Figure 5.~~hows the results obtained from the

present study. The estimated error in these results is +5%
l"

for temperatures up to 1600 K. Unfortunately, no data on

thermal expansion at higher temperatures. For the range of

1600 K to 1700 K the thermal diffusivity was evaluated and

-4 -4it was found to be 0.0855 x lr~,Ls~c + 0.004 x· 10 m' /sec.

~7ferring to F~gUr~; the scatte~ which exists in

the literature on titanium thermal cond~ctivity lies between

curves la and lb. Line 2 is that recommended by Ho et al. 90

for

the

hign~purity polycrystalline titanium. The fact that
)

estîmated thermal conductivity is lower than that recom- .

mended for high purity titanium can be attributed to the small

arnount of irnpurities present in the titanium which was avail-

able for use.

5.3 REACTION AT THE STEEL SHELL AND TITANIUM INTERFACE

Prelirninary work on dissolution kinetics showed a

reaction starting between the titanium and the encasing

steel shell during the initial stages of immersion. Figure

5.4 shows a picture of the reaction taking place at the steel

"

shell/titanium interface. In sorne prelimtna~y tests, efforts
. ,~ .
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were aimed at finding when and how the exothermic reaction

between steel and titanium starts.

Composite samples of iron and titanium were heated

inductively.

in Cnapter 3.

The preparation of these samples is described,

The i~put power to the coil was kept at 9 (kw),

throughout the heating hist~ry of the sarnple. The result is

o
p~esented in Figure 5.5. The slope of t~e curve decreases

with time and after 120 seconds the heating curve becomes

horizontal. This is due to the increased radiant heat losses

from the specimen. When the input power to ~he coil was

21 (kw) (Figure 5.6), different characteristics in the heating

curve are to be noted. 'As seen, the slope of the curve tended

to decrease. However, after 62 seconds of heating and whe.n.

~temperature was approximately 1190°C (1463 K), the slope

of the heating curve_showed an increase and b~came erratic.
~~

During this period a violent reaction between iron and

ti tani um was observed (Figure 5.7) .. '

In an earlier thermodynamic study, Kubaschewski and

93Dench observed that equi-atomic mixtures of iron and titanium

would react at about 1090°C (1363 tü, the eutectic temperature.

The difference between starting reaction temperatures of the

present studi"and that of Kubaschewski and Denc~ can be attri­

buted to the different experimental conditions and materials

used.

'~~e set of immersion tests involved simple dipping

experiments in which titanium cylinders 2.54 cm in diameter
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and 15 cm in 1ength were immersed te within 1.0 cm of their

top surfaces. Immersion time periods ranged from 5 to 15

seconds., Initial steel bath temperature varied beeween

1580°(: (1853 K), and IGOO°C (1873 K). The cylinders were

withdrawn and,r~pidly quenched in water. They were then cut

in half and samples from the reaction were taken and analysed.

The results are shown in Table 5.1., Referring to Table 5.1,
~

it is clear that the composition of the reaction zone lies

around the GO wt% iron.

The relative,Jolumetric amounts of iron and titanium

which had reacted at the original steel she11-titanium inter-

face could be found by measuring final' reaction parameters

at the inside boundary of the steel shell and at the titanium

boundary. An electronic digitizer (Numonics Model 1224) was

used for the task. A typical sample can be seen in Figure 5.4.

'From this analysis it was found that the.relative weight of

steel shell in the reaction was GO%,with titanium at 40%

making up the balance.

Consequent1y, in interpreting these phenomena, one can

conclude that reaction between iron and titanium starts

around.the eutectic temperature in ve~y pure well-packed

mixtures. 93 The same reaction starts at slightly higher
~

temperatures wgen the interfacial contact is either imperfect
"..

or when an,oxide film coats the interface. The eutectic

liquid prov~des the necessary trigger for the internal exo-
) ,

thermic dissolution reaction to proceed. The composition of

-----...

•
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iron and reaction zone during this dissolution remains

'ùround 60 wt% Fe ùnd 40 wt% Ti.

5.4 INTERPRETATION OF DATA FROM THE DISSOLUTION EXPERIMENTS

Using the force monitoring equipment described in

Chapter 3, the load celt registers an increase in the net

downward force. The rate at which the force changes then

allows the rate of dissolution to be monitored. Figure 5.8

shows schematically the forces which act on the load cell '

when a cylirider is immersed in liquid steel.

Mathematically the above can be expressed as follows:

119

..,;;:;-
/

(

where FNDF: Net downward force. This is the force which

the load cell registers;

FG: Gravitational force;

FB: Buoyancy force.

The gravit~tional force FG can be ~ressed

equJ:1tion: ~

FG = VAIR·PTi,s·g + VIMM·PTi,s·g

by the following

(5 • 2 )

where VAIR: The volume of one portion of the cylinder which

is outside of the liquid steel during the dis-

solut'ion in m';

..
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V. : The vol ume of the other portion of the cylinder
. unm

-' ,
which is inside the liquid steel during the dis-

solution in m';

PT' : Density of the titanium cylinder, kg/m';
~,s

g: Gravitational constant 9.81 rn/s'

The term FB describes the buoyancy forces. According

to Archimede~' principle: Any object wholly'or partially

immersed in a fluid is buoyed up by a force equal to the

weight.of the displaced fluid. This can be defined as:

F
B

= V.
~mm

PFe l 9, .... (5 • 3 ) .-

where PFe,l: Density'of theliquid steel.

,
Combining equations '(5.1), (5.2). and (5.3) :

.-'
,/".

FNDF V P' V.= 9 + PTi,s 9AIR. T~,s ~mm

..

Vimm PFe,l

(5 • 4 )

D~fferentiating equation (5.4) with
.

assuming that the difference (pTi,s

(i.e. independent of time)

resp~ct to time and

- PFe,~iS constant

t
dFNDF =dt

dV.
~mm

dt (PT'
~,s

(5 • 5 )

.\
Figure 5.9 depicts sorne typical results for the titanium

dissolution experime~ts. The diameter of the cylinder was
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Curve one of figure 5.9 .shows the force registered on

the load cerl during the dissolution experiment. The data

acquisition system started monitoring the dissolution para­

meters " few seconds before the immer'sion of the titanium

cylinder into liquid steel. During the period AB the load

cell registers only the gravitational forces. ~hen the

leading edge of the titanium cylinder touches the surface' of

the steel bath the force which the load cell monitors starts

to decreasc. This is due to the increase in the buoyancy

force"!l and is represented in line one by the segment BC. The

subsequent segment CD in line one depicts the steel shell

period during which the shell of solid steel freezes around

tile cyJinder. The force registered b.Y the 10ud cell rcmu'ins

•

•

and the freezing of a solid steel shell

constant during this
~

of tit~nium cylinder

period. It transpires that the expansion

tend to ~ompensate each other so that only minor effects are

e~3d on the overal~xo~ce balance provided they occur

simultaneously.

The segment DE of line one shows the free dissolution

period where there is. no frozen steel shell around the titanium,
cylinder. During this period the volume of the titanium

cylinder decreases due to dissolution and consequently the

buoyancy forcei also decrease (Equation 5.3). The net result

• . -.
J
)
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is that the force which. the load cell regist;ers. increases

during this period. The dissolution of titanium c~linder

ends at the point where the segment EF of line one starts.

Curve two of Figure 5.9 shows measured steel bath tem-

pcraturcs. The same line is plotted in Figure 5.10 on an

expanded sCélle. It is clear that the steel bath temperature

dccxe.ases~ith time up' to 78th second mark and. that this must

be largely due to heat losses from the steel bath since the

power ~~s turned off during an experïment. However, following
~

'the 78th secohd, a sharp increase in the steel bath temperature

is to be observed. This fact can only be attributed to the
.

exothermic effects of titanium as it di~perses into the liquid

steel during dissolution.

Lines three and f~t show experimental and predictive

temperaturcs in the interio7 of the titanium cylinder. The

solid lines represent predictions while the points show the

measured temperatures. Curve four shows thetemperature at

vertical axis o~ the cylinder and while curve three represents

temperatures at a distance 1.95 cm away from the cylinder's

vertical axis. Time zero for the cylinder's temperatures

is taken as the half way point between the instant and com-

pletion of the initial immersion (i.e. points Band C in the

curve one, Figure 5.9).

Referring to Figure 5.9, the centerline temperature (curve

four) increases rapidly up to the thirty-fifth second of
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immersion. A reduction i~ the rate of temperature rise then

follows up to the thirth-scventh second. The cause fo~ this

slowed aseent can he explained in terms of the endothermic

transformation of a-Ti to G-Ti. This occurs at a temperature

of 882°C (1155 Kl. As, seen there is a very good agreement

between experimental and predicted temperatures.

Line three of Figure 5.9 shows measured and ~redicted

temperatures at a radial distance of 1.95 cm from the cylinder's

vertical axis. An increase in the rate of temperature rise

is obscrved'1fter the eighteenth second, and this can be

attriô ted ~~)the heat which is generated from the cxothermic

reaction 0 'ron and titanium at the steel shell-titaniwn

interface.

The dissolution of titanium in liquid steel involves

two di~tinct periods. The first is 'the steel shell period'

and the second is 'the free dissolution period'. Referring

to Figure 5.9, the time coordinate of the curved arrow tips

steel shell period lies between a and b while the free dis-f (a, bl show where each one of the above periodsstart. The

solution period starts at band ends at c. In the next

sections of this chapter these periods are analyzed in more

detail.

5.4.1 Tests for Consistency of Results

Consistency tests of the load~'ll~sults were performed

for each cylinder immersion test. Thus, the immersion length
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".for each cylinder could be found by measuring its length

prior ta and following immersion. From the immersion length,

the vàlume of the cylinder which had been irnrnersed was found.

'l'hen using the equation (5.4), the expected net downward,

force was calculated. Referring to Figure 5.9, the difference

between the net downward force at point Band C of curve one

were within 5% of that calculat~d.

Second, the difference between the registered force at

D and E must be equal with that calculated from equation (5.3)

within 5% error.

An experimental run was rejected if it failed one of

these test). For these reasons, about 10% of the experimental

runs were rejected. Typical causes would be: slag freezing

onto the cylinder at the melt line, cylinders hitting or

touching the sides of the crucible.

5.4.2 Accuracy of the Method

The accuracy of the method depends upon the difference

between the steel bath d~nsity and the density of individual

e lement tested. The larger this difference, the'lJigher the

accuracy of the dis~laced weight ~easurements. In this respect

the accuracy of estimation of volumetrie change of addition

during the dissolution can be fa und using equation (5.5),

data supplied from Table 3.1 and the accuracy of weight sensor.

In the case of the ,ti tani um cylinders for example, the volü~

metric change could be estimated within an accuracy of ~1.3 cm'.

For vanadium cylinders, volumes were within ±3.1 cm'~



J

128

,-
Consequently, this method can be applied with greatest

•
accuracy to additions whose densities are most different

from that of steel (e.g. Si, Al, Ti, Mg, W, B). Its appli-

cability substantially lessens in those cases where addition

densities approaching that of the steel"bath.

5.5 APPLICATION OF THE MATHEMATICAL MaDEL

From the foregoing discussion it is clear that the

1phenomena occurring during the dissolution of titanium in

molten steel are quite complex. Nevèrtheless, it will be shown

that a semi-empirical he~t and mass transfer model of the

dissolution proCess can prov~de good predictions.

Evidently, any such model must incorporate the essential

elements of the phenomena involved. Thus, the model was used

to estimate first the internal heat generation during steel

shell period and second, the inwards directed heat flux during

the free dissolution period.

5.5.1 Estimation of Internal Heat Generation during Steel

Shell Period

In the absence of detailed information about the internal

heat generation during the steel shell pe~iod, it was decided

to postulate this in its simplest form by considering that

there is a constant rate of heat generation at r
l

in Figure 4.2,

the original steel shell interface. This heat generation is

causedby the erosion of the steel shell by a constant flux

of dissolved titanium supplied by the dissolving titanium
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Equation (4.15) in Chapter 4 represents'the relevant
"
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mathematical expression. In expressing equation (4.15)

numerically, the term QGEN has to be applied to a small but

finite elemental volume DV. In order to 'estimate an equivalent

planar heat source the following equation can bé applied:

6
GEN

(DA) = Q'" (DV)

where DV·: elemental volume

(5.6)

.'"Q: heat generation term per unit volume ,and per unit

time

DA: surface of elemental volume DV

QGEN: planar heat source per unit surface and per unit

time ,
Figure 5,11 shows temperature time results obtained for

a 2.54 cm diameter titanium cylinder placed in a bath of steel

at 1590°C (1863 K). For comparison the continuous'curve one

was generated on the basis of the mathematical model, taking

the rate of heat generation at the steel shell titanium inter­

face as zero throughout the dissolution process. The end of

the predicted curve one (arrow d) denotes the time at which

the encasing steel shell will have entirely melted back to

1

expose solid titanium. 1

,
Curve two denotes experimental results and model pre-

dictions taking the rate of internaI heat generation equal

-1 -2 5-2
9.5 cal s cm (3.97 x 10 w m ). Arrow a from curve two
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shows the time at which the steel shell period is predicted to

end and marks the start of the free dissolution ,period. The

latter terminates at the time marked by arrow b (i.e. 30 sec).

Curve three presents model predictions taking-the rate of

internal heat generation at the interface equal to 10.5 cal

-1 -2 (4. 39 10 5 -2 out times cm or x w m ). Arrow c points the
1

at which the steel shell period ends at the 10,.5 cal -1 -2s cm

or (4.39 x 105C~-2) .

The results of fifteen different cylinders were analysed

in the

from 8

same way. The rate of heat generation so d~duced varied

-1 -2·' 5 2 1 -2cal s cm or (3.34 x 10 w m- ) to 11 cal s- cm or

5 -2(4.QO x 10 w m ). From these values an e!fectivemass trans-
.

fer coefficient 'for titanium could be estimated. The relevant

procedures used are described in Appendix III. In.this manner,

the estimated mass transfer coefficient of

In a similar way the estimated mass trans-

from 0.025 to 0.035

x 10-4 -13.5 ms).

-1
cm s

titanium ranged

or (2.5 x 10-4 to

fer coefficient for iron ranged from~.024

(2 4 10-4 t 3.3 x 10-4 m s-l).• x 0

- -1
to 0.033 cm s or

Referping to Figure 5.11, curves one,· two and three tend

to give different predictions after the ninth second mark ..... .

This is due 'tO the fact that the heat generation term is

applied only when the interface of titanium steel shell has
. "\

reached a certain temperature called the reaction starting

temperature. According to the analysis presented in Section
...

5.3, the reaction starting temperature was taken equal to
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l090 0 C (1363 K) for any prediction presented in this chapter.

The interfacial thermal resistance was taken equ~l to

,2 -1 -4 2 -1
10 cm s oC cal (2.39 x 10 m KW) throughout the.

analysis. This value is not an arbitrary taken constant but

a value which was estimated on the basis of previous work on

this subject. 79 ,49 The convective heat flux from the stee'1

bath to the titanilim cylinder was determined on the basis of

the experimental dimensionless correlations presented in

Section 4.6.

...~

5 .5.2

...;J

Estimation of Heat Generation during the Free

Dissolution Period

Duri~ the free dissolution period heat is generated in

the vicinity of,the dissolving titanium interface. This

results' from the intermixing of liquid iron with titanium.
-------

Under conditions of free dissolution the 'convective heat flux,

to the cylinder's surface cannot be evaluated using the cor-

relations presented.in Sectiqn 4.6. In fact, practically no

information is available on heat transfer characteristics •

for this class of· dissolution pr~lem. Szekely and chaung 95

in SQme low,temperature ex~rimental work studied the acçeler­

ated melting of ice spheres ~sulfuric acid and provide a

"qualitative explanation based on a higher ternperature within

the sulfuric acid close to th~surface of the ice sphere .

The higher ternperature

.,
c- ','

region resul ted
)

frorn the exothermic heat

of mixing of .water in sulfuric acid.

o
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inter facial heat fluxIn the free dissolution P~~Od' the

directed towards the dissolving titanium ihterface and ,from

this interface into the ,body of undissolved titanium cylinder

must be equal. The relevant mathematical étatement is equation

5.7:

da) '"
(KTi dr Ti = qIFD (5 • 7 )

} .

where K'I" :
J,

thermal conductivity of titanium;
"

qÏFD: inwardly directed extern'al heat flux .for the

free dissolution of titanium in liquid steel.

Th~s heat flux '(i.e. CrIFD ) is responsible for the rapid temp­

erature incr~ase which is observed in the center of thé

titanium cylinder (see ~igure 5.9, curve four) during the free

dissolution period. It is clear from this curve that the

temperature in the cylinder cen~er exceeds the steel bath

tempc~ature after a certain time. In the absence of any infor-

mJtion Jbout the magnitude of qÏFD it wasdecided to postulate

this in its simplest form by considering that there is a

constant heat flux inwardly directed from the heat which is

generated in the vicinity of the dissolving interface into

the body of undissolved titanium cylinder. The rate at which

the dissolving interface moves Can be easily calculated as

follows. Ref

portion of the

gure 5.8, the volume of the immersed,
cylinder can be expressed as:



\

where r:

h:

V, = TT r 2 h
vron

cylinder rudius ;'

immersed cylinder length

1,34

(5.8)

~.

'\
Substituting equation (5.8) into (5.5), equation (5.5) can

be written:

dFNDF =
dt

d (lIr 2 h)
dt (5.9)

a$suming that the dissolution takes place in the radial'

direction only. This assumption is valid in ~iew of special

precautions which weré tuken to that effect (see Chapter 3).

Consequcntly, equation (5.9) can be written as:

or

dFNDF
dt

d (r 2
)= 11 h

dt (PT'. J.,s

dFNDF
dt

dr
= 2nhr dt (PTi,S - PFe,l) g (5.10)

Equation 5.10 shows how the radial velocity, of the dis-.

solving interface varies in relation to the rate at which

the net d,?wnward force the load changes. The l1\athematical

model in the free dissolution period runs ,~ a coupled heat

and mass transfer manner as follows: From the measured

change in the net downward rorce (Figure 5.9 curve one) the
'~-,

rate at which the dissolving interface moves can be calculated..

.', ~"", •
.'. ,
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using equation (5.10). For a given ~~FD' the centerline-

temperatures can be predicted. The value of ~~FD which gives

predictions provîding the best fit for the measured center-
/'

line teinperatures provides ~~FD for t\le given experimental

It is important to note that ~~FD relates solely

to the inwardly directed heat flux.

The rate of inwardly directed external heat generation

during the

6.5 and 10

free dissolution period was found to lie between

-1--2 5 5 -2
cal s cm -or (2.72 x 10 and 4.186 x 10. w m/).

5.6 STEEL SHELL PERIOD ~

In order to study the steel shell period. in a more

detailed manner, three sets of immersion tests were carried

out using titanium cylinders. These tests involved simple

dipping experiments of titanium cylinders for specific times.

The cylinders were then withdrawn, cross-sectioned, and steel

shell thicknesses and internal reaction zones measured.

The first set 01 immersion tests involved titanium

cylinders 2.54 cm in diametcr. and 20 cm i~/length. These. .

cylinders werc immersed to within 1.5 cm of their top surface .

•Immersion time per~ods ranged from 5 to 20 seconds. The

initial steel bath temperature during these experiments was

1580 0 e (1853 K) and the bath coolini rate was equal to o.Joel

sec. Figure 5.12 shows photographs of the cylinder's cross-

sections following immersion. As seen, cylinder D had only

a steel.sh~ll in its uppec part. This was due to the steel·
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Figllre 5.12 Til;milllll cyl indt'rs 2.S4 ('Ill in di;Jllll'tl'r ilTlllll.'rSl'd in ;-;tecl
bath of initia] tl'mpl'r:ILllrL' 15HO°C (IRS] K) l'Dr dirrl~rl'Ilt

tlIl1l' pl'ri.nds. :\:::: S Sl'C" 1) :::: 10 S,l!C, (: :::: IS sec,' IJ :::: 20 sec.
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during withdrawal. Neverthe-

.:- .
...

less, the diameter of the steel shell was measured früm the

-part which remained around the cylinde!. It is worth notLng

at this point that .the cylindrical shape is maintained for

long immersion periods (Le. cylin"aer D). This justifies the

adoption of a one dimensional model.

Experimental an~ theoretical (i.e. pre~ictèd) results

.are shown in Figure 5.13. Line one shows how the outer radius

of the cylinder changed with time. The dotted line two

depicts the initial radius of the cylinder. The dashed lines

three and four present the predicted extent of the internaI

exothermic dissolution reaction and gi~es the location of

the steel shell and titanium interfaces, respectively. As

seen, .the. predicted location of the steel shell/liquicÏ' steel

interface and that of the inner steel shell boundary agree

very weIl with the experiment~l data indicating that heat

flux estimates at the outer and inner steel shell surfaces

are both independently correct.

In the second set. of immersion tests, cylinders L 905 cm

in diameter and 16.5 cm in length were immersed in liquid

steel to within 1.0 cm of their top surface. Immersion

periods ranged from 5 tü 15 sec. The initial steel bath
.

temperature during these experiments was 1580°C (1853 K) with

a steel bath cooling rate equal to p.23°C/sec. ~igure 5.14

shows cross sections of these cylinders after immersion while

Figure 5.15 depicts«experimental and theoretical results for

this set of experiments.

(
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Figure' 5.13 Experimental and predicted results obtained from the first
set of immersion tests.

1) Predicted r~dius;
2) Initial radius;
3) Predicted reaction line .n the sfeel shell;
4) Predicted reaction line ~n the titanium.
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Figure 5:15 Experimental and theoretical results obtained from the
second set of immersion te9t~.

1) Predicted cylinder radius;
2) Initial,cylinder radius;
3) Predicted reaction line in the steel shell;
4) Predicted reaction line in the titanium.
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In the third set of 'immersion tests, cylinders 3.81 cm

142

)

in cHamcter arld 16.5 cm in len~h were immersed in liquid
. .~ .

steel to within 1.0 cm of their top sur.face. Immersion time

periods ranged from 5 to 10 sec. The initial steel bath

temperature during these expèriments was 1580°C (1853 K) with

a steel bath cooling rate of 0.32°C/sec. Figure 5.16 presents

cross sections of these cyliriders while figure 5.17 shows

predicted and experimental results.

The fourth set of immersion tests involved titanium '

cylinders 3.81 cm in'diameter and 16,5 cm in length. These

cylindcrs

Immersiln
C

were immersed ta within 1.0 cm of their top surface.

time periods ranged between 5 to 15 sec. ~he

initial steel bath temperature during these experiments was

1600 0 C (1873 K) with a steel bath cooling rate equal to

0.32°C/sec. ~igure 5.18 shows cross sections 6f these

cylinders while Figure 5.19 presents the experimental and

theoretical results obtained in a graphical form.

5.7 FREE DISSOLUTION P.ERIOD

Refcrring to Figure 5.9, the radius of the titanil~

cylinder during the free dissolution period (i.e. from D to E,

curve one) was deduced on the basis of eguation (5.10). These

results are plotted in Figure 5.20. Line two shows the

initial cylinder diameter.

A and finishes at B,_~ile

mences at Band ends at'D.

The steel·shell period starts at

the free dissolution period com-

A very" important feature .to be

-'~ .......-



·~.

,

143

-1 E. 3 .)

Figure 5.16 Cross sections ur tiLltli.ulIl cylindl'rs 3.HI C1I1
immcrs,l~d Î.n steel hath from tlll' thi rd Sl't uf
tl'.stS.

ln" Ji:1mcter
. .
ImmerSIon

/



144

3.6r----r----r----r----,r-'+---,

..

Ti

'10(\'"
Fe 3 (\ 1-

J, __ - -' ,-----. le- ~o
J - -- ?-e~ç

...........-::-.~~ ~ "'. ', .
. -~~ ~ ~

~ 2t .... - ................
4 ~

-'"

1.8

1.2

3.0
~

1L
I\l .- \1
a ,
.......

2:4~

(f)

::J
......
0
a:
a::

" a::
LU
0
z

• ......
-.J
r-
u

0.6

o 12 24

TIME
36

(SEC)
60

j

Figure 5.17

v

Experimental and theoretical results obtained [rom the
third set of immersion tests.
1) Predicted cylinder radius;
2) Initial cylinder radius;
3) Pr~dicted reaction line in the steel shell;
4) Predict~d reaction line in the titanium.

-. "'-.

\



1873 ( K )

;

5 SEC

41 5
COLDR OENSIT't GUll--_ .._-

145

•

1873 ( K ) 15 SEC

INCH~;, • 1 , , ., ,
COlO!' OUoISIH "UID'
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1) Preàicted cylinder radius;
2) Initial cylinder radius;
3) Predicted reaction line in the steel shell;
4) Predicted reaction line in titanium
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observed from Figure 5.20 is the definite increase in -dr/dt,

the radial velocity of the. cylinders retreating surface during

the free dissolution period. This rate could change quite

dramatically during the final stages of free dissolution as
~

is evident from Figure 5.20. Examination of the temperature,

profiles comp~ted during the free dissolutio~period has

shown that the temperature of the dissolving titanium inter-

face tncreases. During the early
~

stages of 'free dissolution'

the temperature of the dissolving Ti interface is lower than

titanium's melting temperature. As the free dissolution

proceed~, the calculated surface temperatures at the dissol-

'. ving interface approach the meltingpoint temperature of

titanium. Referring to Figure 5.20, the computed temperature

at the dissolving interface increases between points Band C,

approaching Vtanium's melting point at C. It is for this

reason that the rate qf decrease in cylinder radius increases

dramatically (Section CD on curve one) . It is emphasized that

these high temperatures refer strictly to local phenomena.

From the foregoing obseruations it is clear that the

free dissolution of titanium may sometimes be subdivided

into both dissolution.and melting period~. It is worth noting

at this point that during the free dissolution period an

inc~easing degree of turbulence is ko be observed in the
!

plume of rising steel surrounding the cylinder.
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In the free dissolution period the heat which i5

generated in the vicinity of the dissolving titanium interface

results from the intermixing of liquid iron with titanium.

In order to quantify this phenomenon, it is of interest to

recall that since a small amount of titanium is being mixed

with a large quantityof liquid steel, the heat of mixing

should closely approximate the partial molar enthalpy of,
\

the system. This partial molar enthalpy was calculated from

reference 61 to be equal 14.9 k cal/mole of titanium.

Referring to Figure 5.20, an average molar flux during

the free dissolution was deduced at dis crete time intervals

during the dissolution period. From these values, the total

heat generated at the vicinity of dissolving titanium inter-

face was estimated using the following formula:

Q" = 6HTi
• Nil 0 (5.11)Total . FD

where t\HTi : partial molar enthalpy of mixing of titanium

with liquid steel.

NpD : molar flux of dissolving titani~.

,

The QTotal term contains two components: the first is

the inwards directed heat flux qÏFD (i.e. towards to dissol­

ving titanium interface) and the second i5 the outwards

directed heat flux qOFD (i.e. towards the steel-bath). The

term qÏFD was estimated in section 5.5.2 to be:

••



8.25 l 1.75 cal s-l -2cm
5 -2

(3.45 x la w m )
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The outwards directed heat flux can therefore be derived

on the basis of the following formula:

(5. 12)

The resul ts are summarized in Table 5.2. As seen, the

p~oportion of heat flux which

steel inc~eases with time and

is directed into the liguid
b

this fact can explain the

acce1erated turbulence which was observed during the free

dissolution,period.

5.,8 THE INFLUENCE OF OXYGEN ON DISSOLUTION KINETICS

,Figures 5.21 and 5.22 present results for titaniurn dis-

solution into liguid steel with oxygeh contents of 600 ppm

and 350 ppm respectively. No significant change was to be

observed in any of the dissolution times.

5.9 DISCUSSION

Estimated heat andmolar fluxes in the steel shell/titanium

reaction zone are presented in Table 5.3. The agreement found

between predicted and experimentally measured reaction Zones

determines t~ consistency of the estimated values. The

reaction at the steel shell/titaniurn reactian zone must be

largely ~esponsible for at least halving shell melt back

times for the conditions chosen. Naturally, at superheats



, TABLE 5.2

HEAT AND MASS FLUXES~T DISCRETE TIME INTERVALS DURING THE....
FREE DISSO~UTION PERIOD

Nil ' .. ' .. ' ..
Ti FD QTota1 qIFD qOFD

(se ) mole 5
-1 -2 cal -2 -1 cal cm-2 -1 cal cm-2 -1cm cm s s s

54.0 0.0013 19.3 8.25 11.05

64.0 0.0033 49.1 8.25 40.85

74.0 0.0036 53.6 8.25 45.35

84.0 0.0077 114.0 8.25 105.75

•

{
'\
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1) Registered net downward force;
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3) Predicted centerline temperatures;
4) Measured center1ine temperatures.
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TABLE 5.3

ESTIMATED HEAT AND MASS FLUXES DURING STEEL SHELL PERIOD AND FREE DISSOLUTION PERIOD

.CGS Upits SI Units

-2 -1
0.0018 ± 0.0002 mol cm s

0.0013 ± 0.0002 mol cm
-2 -1

s

0.028 ± 0.904 cm s
-1

0.030 ± 0.004 cm s -1·

18.05 ± 2 mol m-2 -1
s

13.62 ± 2 mol m
-2 -1

s

-4 -4 -12.8 x lO ± 0.4 xlO m s

3.0xIO-4 -4 -1
± 0.4 xlO m s

'0
o

•.-1
H
III
P,

ri
ri
Ill·

..c:
en
ri
III
III...,
en

l::
a

•.-1. ...,
::l
ri '0
00
<1) • .-1
<1) H

•.-1 III
OP,

III
III
H
~

... _. ./

Heat flux at
the interface

Molar flux
of iron

Molar flux
of titanii.un

Mass transfer coefficient
of iron

Mass transfer coefficient
of t"itaniùm

Heat flux during
free dissolution

9.5

8.25

-2 -1
± 1. 5 cal cm s

-2 -1
• 1. 75 cal cm s

3.97

3.44

± 0.63

± 0.73

-2
w m

-2
\v m
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approaching zero the enhancement wouId become far greater

since the convective heat inputs from the steel bath would

155

be:drastically reduced. As seen in section 5.6, the predicted

locations of the steel shell/liquid steel interface and that

of the inner steel shell boundary agree rather weIl with the

experimental data. This indicates that the heat flux esti­

mated at the outer and inner steel shell surfaces are both

independently correct. The starting time for the reaction

at the steel shell titanium interface depends mainly upon

two factors:, first is the cylinder diameter and' second is

the steel bath superheat.

The semi-empirical method of estimating heat fluxes

generated during the steel shell period involves errors - '15% .

. The error restilts from two factors; the first' derives from the

convective, .heat transfer correlations used at the outer sur-

face of the steel shell while the second arises from the fa ct

that steel s,hell melt back and exposure of titanium in liquid
')

,steel must be somewhat stochastic in nature. Thus, any

slight imperfections in a hot, rapidly thinning shell will

lead to premature exposure of titanium in liquid steel.

As pointed out in section 5.4, free dissolution commences

once the steel shell period ends. In general" one can expect

the free dissolution of titanium cylinders to be controlled i

by mass transport ,of dissolvedtitanium through a titanium

ri ch boundary layer adjacent to the cylinder out into the



J
liquid steel bath. Thus, continuity at the dissolving inter-

face dictates that:

Net moles of titanium lost from cylinder per

unit time = Net moles of titanium diffusing

into steel bath per unit time, i.e.

156

where r: cylinder radius

h: cylinder inunersion length

PTi : density of titanium

MTi : titanium molecular weight

*LCTi : liquidus concentration of titanium at the

temperature of steel bath

C~i: bulk concentration of titanium in the steel

KTi : experimental mass transfer coefficient

Since h, PTi , and ~i are independent of time and C~i' is
..

equal to zero, equation .(5.13) reduces to:

(5.13)

_ dr·=
dt

*L
KTi * CTi

PTi/M'l'i
(5.14)

Based on this expression, an experimental mass transfer

coefficient can be estimated. •

Ravoo et al. 96 s~gested the following correlation for

turbutent mass transfer from vert~al plates:
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,, (5.1:5)

where '* ShL : Sherwood number '-

~ Sc: Schmidt number

Gr L : Grasshof mass transfer number

Mass transfer C~effi~nts experimenta11y measured, ana pre­

dicte,d from equation (5'.,15') during the early stages of free
1 "

dissolution of titanium are presented ir,Table 5.4,

The Eeatures to be observed from table 5.4 are first

that the expcrim:ntally measurcd mass transfer coefficients

are higher than the prediFted ones from equation (5.15) and

,second is the strong influence of bath tempe,rature on measured,

mass transfer coefficients. This trend was observed in every

experiment. The strong dependency of the mass transfer co-
, '

efficient on temperature cannot be explained ~olely on the

basis of liq~id phase diffusion. It is proposed that the

accelerating degree of turbulence which was to be observed

during the free dissolution periôd altered fluid flow patterns

in the vicinity of the dissolving titanium interfàce.

Thus, on observing the bath surface during the ,coUrse of

an experiment, the steel surrounding the addition was rela-

tively quiescent during' the steel shell period and the first

part of t~e free dissolution period~ However, visual examih-

\ *More explanations about
found in Reference 97.

these dimensionless numbers can be
1

, .
,«!.



MASS

"

TABLE, 5.4

TRANSFER tOEFFIC~TS DURING TITANIUMFREE.DISSOLUTION

158

,

~.

Temperature

1580°C

1630°C

'.

Mean
Experimental
Mass Transfer
Coefficient

cm s-l .

'0.0183 + 0.0015

0.0391 ±, 0.002

j

" '.

o

, '

Predicted
Mass ~ransfer

Coefficient
from Eg. 5.15

cm ;'-1

0.0127

0.0137

. , '



. ,

ation of the surface. of the bath close to.the addition showed

it becoming much hotter and turbu1ent, with the upwelling

plume of liquid 'becomi~g faste~ during the later stages of
. . 98

free dissolution. Recalling Levich's proposaI that the'
.

thickness of the mass transfer boundary layer 6 is related

to velocity:,

159

,.

(5.16 )

where D: velocity of moving liquid,
n: exponent ranging from 0.5 to l

One can expect "changes in the recirculation rate of liquid. ,

steel to increase the effective mass transfer coefficient.

period the relative propor-Duri~g the free,dissolùtion
J
,;~

tions of dissolution and melting depend upon the steel .bath

,

temperature; that is, the higher the steel bath temperatvre,

the larger the proportion of cylinder whiph is molten when

it is dispersed in liquid steel. From the analysis of the

experimental results, it was found that when the inward radial

-1
ve~ocity of the titanium interface was less t~an 0.045 cm s ,

dissolution dominated, while above this figure··melting occurred.

An average dr/dt and an average steel bath temperature

durlng the freedisso~utionperiod was estimated~r the 17

differ~nt runs. Table 5.5 summarizesthis data. Using

.' equation' (5.14),' an average mass transfer coefficient was also
"': .

C0~puted. Linear regression an~lysis of these results was
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TABLE 5.5

EXPERIMENTALLY MEASURED dr/dt DURING TITANIUM FREE DISSOLUTION

Run Né. Average" Temp. Ave~dr/dt

1 1564.0 0.058

2 1573.0 ", 0.062

~3 1580.0 0.057.' 1

4 1600.0 0:09'8

J ,,~

5 1625.0 0.127

6 1625.0 0.141
---. "f.-b 1

'> '" 7 1606.5 0.082
"'J;'

8' 1568.0 0.054

9 1551. 0 p.042

10 " 1560.0 0 . .0 45.

11 1571.6 0.066

12 1569.6' 0.051

13 1570.0 0.049 ')
14 1570.0 0.048

I~15 1572.5 ,0.049
,

16 1572.5 0.049 ! ''-)
17 1580.0 0.060 J
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'performed for a relationship between log K and the reciprocal

value of absolute temperature shown in Figure 5.23.> The ~

equation for the cu~ve one is:

161

1

with a

. 15481~54
;,'logK= T +7.2846

cor~.lation coefficiGnt of 0.887 at 16 degrees'of

(5.17)'

freedom, and a standard error of estimate 0.051. According

to these data, the apparent activation energy for the solution

of titanium in liquid steel was found ta be 296.3 kJ/mol or

(70.5 k cal/mole). The reason for this surprisingly high

activation energy is twofold. First the average ste~l bath

'temperature during the free dissolution period does not repre-

sent 'the temperature of the dissolving interface which is

higher. Second, the exothcrmic reaction' alters the fluid

flow patterns'in the vicinity of the dissolving interface Llnd

mQkes the effective boundary layer thinner, thereby increasirig
, , >

the sensitivity of experimental mass transfer coefficients to

changes in tempe~ature.

While the mathematical model developed can easily predièt

thermal events during the steel shell period ,for any given set
\

of conditions (i.e. ste~l bath temperature, cylinder diameter) ,

the free dissolution period is more complex. Thus, molar
•

fluxes cannot be evaluated from existing dimensionless mass

t~ansfer correlations, due to the complex hydrodynamic
J

phenomena associate~ with this class of dissolution problem.

,

, ,
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In view of this difficulty, which is left for ~uture work,

a statistical approach has been adopted to predict free dis-

solution times.

Rèferring to Table 5.5, a linear regression was performed

between the average steel bath temperature and the average

radial velocity. of the cyiinder durlng the free dissolution

period. This procedure yielded to the equation:

(~~ )me an = -1. 96 + O. 00 12 8 (J

where 8: degree celsius

(5 . 18 )

The correlation coefficient was found to be 0.945 at 16 degrees
'"

of freedom with a standard error of estimate equal to 0.01.,

For a given set of conditions the mathematical model was

u~ to predict the time for steel shell period, while

equation (5.18) was used to predict the free dissolution

time. The SUffi of these two periods represents the total

dissolution time. The results are presented in Figure 5.24.

. ,
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CHAPTER 6

RESULTS AND DISCUSSION ON VANADIUM DISSOLUTION

INa;ID ST~EL

6.1 INTRODUCTION

In this chapter, the experimental results obtained for

the solution of pure vanadium and ferrovanadium alloys are. - ,

presented and discussed. Referring to the iron-vanadium

phase diagram in Chapter 2, ferrovanadium alloys with vanadium

grades lower than 60 wt% have a melting range which is lower,

than the steel melting point. Consequently, one can expect

different solution patterns between ferrovanadium alloys of'

different grade. For this reason it was decided that the

effect of vanadium content on the ,solution of ferrovanadium

alloys in liquid steel should be investigated.

Four pure.vanadium cylinders and ten ferrovanadium
. <-

cylinders with grades varying between 30 wt% and 80 wt%

vanadium were therefore prepared for immersion tests in

liquid steel. The reason for the relatively small number of

tests on pure vanadium cylinders were their prohibitive cost..
(~$800/cylinder) .

6.2 VANADIUM DISSOLUTION IN LIQUID STEEL

6.2.1 Tests with Pure Vanadium

Figure 6.1 presents results for the dissolution of a

..

pure vanadium cylinder 2.48 cm in diameter and 20 cm in length.

, ,
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The vanadium cylinder was irnmersed to wi thin 3.0' cm of· i ts

top surface. CUrve one depicts the net downward force which

the load cell registers. During the period AB the load cell

registered only the gravitational forces. When the leading

edge of the cylinder touched the surface of the steel bath

the force which the load cell monitored started to decrease.

Segment BC represents this period. The subsequent segment

CD of curV2 one depicts the steel shell periorl (i.e. when a
:. ;.;-;: '-l" .

shell of solid steel was frozen around the cylinder). The

force .registere,d by the load cell remains .constant during

thi~ period. Segment DE of line one shows the free dissolution

period where there is no frozen steel shell around the vana-

dium cylinder. During this period, pure dissolution took

place at a steady rate as evidenoed by the upward slope of

the force-time curve. Thus, as more of the submerged

cylinder dissolved, the buoyancy force term decreased and

the pull on the load cell increased. Line two in Figure 6.1

shows the measured steel bath temperature. The initial steel

bath tempera~ure for this experiment was 1600°C (1873 K).

Line three presents experimental results an~ model predictions
- .. \

for the centerline temperature during the steel shell period.

,Time zero for the temperature of the cylinder is taken as

the half way point between the times which correspond to

the beginning and end of initial immersion (i.e. points B

•

and C in· curve one, Figure 6.1) . As seen, very good agreement

\
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between.experlmental and predicted centerline temperatures

•
,N.. is 'achieved.

Similar results for a vanadium.cylinder 2,61 cm in

diameter are presentcd in Pigure 6.2. Por this experimental

run the initial steel bath temperature was 1620°C (1893 K).

Pigure 6.3 shows experimental results and model pre-

dictions for the dissolution of a pure vanadium cylinder 1.36

cm in diameter and 17.5 cm in length. The vanadium cylinder

was immersed to within 30 cm of its top surface. The initial

steel bath temperature for this experimental r~ was 1636°C

(1909 K).

Results for fbê fourth pure vânadium cylinder are pre­

scnted in pigurè 6.4. In this experimental run, the cylinder

~ had a diamcter of 1.38 cm and a length of 14.0 cm and 'was

immersed to within ,2.0 cm of its top surface. The initial

steel bath temperature was 1643°C (1916.K)

cylinder had no centerline thermocouple.

This four th

,

In the firstthree tests, the temperatures measured at

the cepterline of the cylindei during the free dissolution

period tended to be higher than the steel bath temp~rature.

This fact is clear in test number'three (Figur~~;. In

tests one and two, the recorded centerline temperatures

exhibited erratic

period. For this

behaviour during the fr~e di~olution

reason, centerline temperatures are not

plotted during the free dissolution periods in Figures 6.1

and 6.2 respectiveiy.

.
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6.2.2 Tests with Different Ferro-Vanadium Grades

In sorne preliminary tests, Fe-V cylinders of 30, 40,

50 and·BO wt% vanadium and 2.54 cm in d'iameter ~10 cm in

length, 'were immersed in liquid steel at 1600°C (l~K).

Tt was observed that the Fe-V cylinders with 30, 40 and 50

wt% vanadium becùme 'spongy' and close to collapse as they

were pulled out of the steel bath after immersion times of

30 to 40 sec. On the other hand, this did not seem to be

the çase for Fe-V cylinders with BO% vanadium which appeared

to'be strong as they were withdrawn from the steel bath after

extended immersion times (~60-7Q sec.).
,

Figure 6.5 shows results for one test with a 50 wt% Fe-V

cylinder immersed in steel at 1600°C (lB73 K). Line one of

Figure 6.5 shows the forcè registered by the load cell while

line Lwo shows the measured steel bath temperature during

the experiment_ 'The feature to be noted in curve one is the

sharp increase in load at the 42nd second (arrow A). This

was fdllo~ed by a plateau marking the sudden release of the

molten alloy into the steel bath. It is worth noting at'this

point that under thèse conditions, the-mathematical model

,predicts steel shell melt .back time at 39 seconds'.

6.3 INTERPRETATION OF DATA

Following similar reasoning to that explained in the

previous chapter, an experimental mass transfer coefficient

was computed for the free dissolution of vanadium in liquid

-'
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stee.l. The temperature uséd in these computàtions was tDe

average measured steel bath temperatùre during free dissolu-

tion. For comparison, mass transfer coefficients may be pre-

dicted on the basis of empirical correlations available in

the litcrature for condition of natural convection to vertical

cylinders. Thus, the vanadium,cylinders, on dissolving,
..

release mate rial which is less dense than the surrounding

steel. ' This will generate upward currents around the dissol-

ving cylinder. One proven relationship for dissolution of,

vertical cylinders is equation (5.15).presented in the previous

chapter. Table 6.1 shows a comparison of predicted and

cxperimental results.

"
Referring to Table 6.1, two aspects Jare to be noted.

Firstly, the experimental mass transfer coeffi~ients are in

reasonable agreement but tend to be higher than those predicted
~

by equation (5.15). Secondly, the inward radial velocity of

the interface tended to increase during the course of the

free dissolution of vanadium in liquid steel. The latter

aspect is demonstrated

radius of the cylinder

time.

qui te clearly in Figure 6.6 where the

for ~~~mber three is plotted versus

'.

Tl1eoretically, however, dr/dt is expected to be constant

for normal isothermal dissolution phenomena. Also it is to be

noted tl1at the steel shell period is qui te short in comparison

with the free dissolution period.



TABLE 6.1

EXPERIMENTAL ~~D PREDICTED MASS TRANSFER COEFFICIENTS FOR VANADIUè!

Experimental' Predicted Experimental
Experimental

Average Mass Transfer Hass Transfer (dr/dt) mo1ar flux Period
Coefficient Coefficient

mean
Test Average -1 -2 -1
No. Temperature cm s-l cm s-I cm s mole cm s (sec)

1580°C or 1853 K 0.0038 ± 0.0003 0.0043 0.0026 0.00023 59.4 - 99.2
1

1570°C or 1843 K 0.0029 ± 0.0003 0.0043 0.0020 0.00022 99.2 - 150

1590°C or 1863 K 0.0047 ± 0.0002 0.0043 0.0033 0.00037 50 - 100
2

1576°c or 1849 K 0.0057 ± 0.0003 0.0042 0.0039 0.00044 100 - 150

1625°C or 1898 K 0.0061 ± 0.001 0.0046 0.0047 0.00053 16.5 - 50.1
3

1615°C or 1888 K 0.0076 ± 0.001 0.0045 0.0057 '0.00064 50.1 - 95.1

1634°C or 1907 K 0.0071 ± 0.0015 0.0047 0.0056 0.00063 22.0 - 41.2
4 ~

1625°C or 1898,K o.oro ± 0.002 0.0046 0.0084 0.00091 41.0 - '75.0

"._.,

f-'
-.J
ln
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One common feature which was observed in all the ferro-

vanadium alloys tested, is that the 'steelshell which freezes

around the cylinder melts ba~k in a convent~onal way. That

1s, no reaction was observed at the steel shell-ferrovanadium

interface.

6.4 DISCUSSION

As pointed out in section 2.7, the mixing of' vanadium

with liquid steel is somewhat exothermic. This may be the

reason for the experiment~l mass transfer coefficients being

higher than those predicted. Furthermore, the 'exothermicity'

of 'mixing'l is stronger at higher steel bath tempe ratures .

Another feature to be observed' from Table,' 6.1 is that

the experimental m~ss transf~r coefficient generally increases

in the latcr stages of free dissolution. This may be caused
...

by the exolhermic reaction in the vicinity of the dissolving

vanadium i~terface enhancing natural convection, thereby thin-

ning the effective mass transfer boundary ~ayer and enhancinq

mass transfer coefficients.

In Figure 6.7, the logarithm of the experimental mass

•
transfer coefficients measured du ring the early stages of

freedissolution ,are plotted against the reciprocal of abso-

lute temperature. By'regression analysis, one obtains:

- (

Log K 15707.7 + 6.082
T

(6.1 )
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Equation (6.1) is plotted as curve one of Figure 6.7.

The slope -,of this line represen~s an Arrhenius-type apparent

activat~on energy for the solution of vanadium in liquid

steel. The value was found to equal 71.5 kcal/mole or

(300.6 kJ/mole). This large apparent activation energy for

the dissolution of vanadium in liquid steel is close to that

obtained by the author'for titanium dissolution in liquid

steel.

37Krupman et al. also measured a large" apparent activa-

tion energy for the dissolution ofmolybdenum in liquid steel.

They report values ·in the order of 65.1 kcal/mole ,(273.4 kJ/

mole). These uncommonly high values for vanadium, titanium

and molybdenum are most likely explained on the basis of

the exothermic reactions taking place as they dissolve in

liquid steel. For such elements, the temperature at the

dissolving interface is higher than the temperature of the

bulk steel and tends to increase during the course of dis-

solution. Consequently, one can regard their dissolution as

bein~ non-isothermal. Therefore, - the high activa.tion - -

energy reported by Krupman et al. 37 for molybdenum dissolution

can be explained on a similar basis to the systems studied

in the present work.

Based on all the éxperimental _work'carriedout on the

behaviour of pure vanadium an~ Fe-V alloy additions in steel

baths, it is concluded that proceeds; via a



180

heat transfer or melting dominated mechanism for. alloys con-

taining less than 68% vanadium and by a mass transfer
,. ,

mechanism for all alloys containing more than this amount.

From the results presented in Table 6.1, an average

rate of radius decrease (dr/dt) and an avérage steel bath
mean

temperature during the free dissolution was calculated for

each dissolution test on pure vanadium. A regression between 0.:'

(dr/dt) and bath tempe rature yielded:mean

(dr/dt) = -0.11 + (0.75 ~ 10- 4 ) B
mean

where B: temperature in oC.

At 1600°C (1873 K) equation (6.2) gives:

(dr/dt) = 0:0045mean

(6.2)

(6 • 3)

From this equation.and from equation (5.1 4 ) an average molar

flux of vanadillln'during free dissolution was found to be:

Nil. = 0.0005 mole
2 or

mean cm sec

N = 0.025 gr· of V ;( 6 . 4)mean 2
cm sec ';

Shantarin et al.
38

have found that solution rates of

ferro-alloys are higher than the corresponding solution rates

of pure metals. They proposed the following equation:
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N =
FeMe

, N
Me

(%Mel F M·e e
100%

,.'

.-,' -
(6 • 5 l (

where pure me~al solution rate in -2 -1(gr Cm S l

(%Mel FeMe : percentage of element in the ferro-alloy

N
FeMe

solution rate of ferro-alloy in (gr cm- 2 s~l)

According to Shantarin et al., they feel that equation

(6.5) implies that the concentration gradients are identical

to pure metals and ferro-alloys and consequently a gre.~ter

loss of specimen ,weight is necessary in the solution of ferro-

alloys to maintain the

, l 38
Santar~n et a. were

same concentration gradient. Since

able't9 apply this ratio satisfactorily
, .

in the solution ,of pure W and FeW and the solu~ion of pure'

Mo and FéMo, equation (6.5) has been adopted as a first estimate

to the Fe-V system.

Thus, Figure 6.8 shows the.predicted melting/dissolution

times required for 2.54 cm diameter cylinders of ferrovanadiu~

to dissolve into a steel bath at 1600°C (1873 K) versus ferro-

alloy grade. As seen, aIl alloys below,68% V require approx-

imately 33 seconds while those above need a minimum of 240

secDnds. Pure vanadium requires the maximum time of 316 seconds.

It is important to note that vanadium would start dissolving

in the bath at aIl compositions once the steel shell freezing

on them had remelted.
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Figure' 6.8 demonstrates clearly the significant difference

in tlution times between the different grades of ferrQ­

van dium. In' grades where melting occurs, the kinetics is

abc t seven times faster than in grades where dissolution

dominates. Consequently, improved consistency'and efficiency

of alloy aâditions to steel baths can be expe~ted for steel-

plant practises ~alling for the use of the low grade ferro-

vanadium alloys.

•

t
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1... CHAPTER 7

CONCLUSIONS

The purpose of this work was to investigate' th~lutio~
. \

of high melting point additives to liquid steel. For this

reason, titanium and vanadium were chosen as representative

investigation are outlined below.

• ,cases for study, Conclusions resulting from

r
the present

1) An experim~ntal technique for measuring the dissolution

of cylindrical shaped specimens in liquid steel has been -

developed. The ~olution can be monitored by measuring

a) the apparent weight of the specimen,_ b) ,temperatures of

the. specimen at varioüs locations and c) the temperature of
•

th'e steel bath. , "

2) During the' dissolution of titanium in liquid steel,
(

two di~tinct periodswere identified: The 'steel shell p,eriod"

and the 'free dissolution'period'.

3) In the steel shell period, a steel shell is first

formed when a titanium addition is imm~rsed in liquid steel.

The dissolution reaction starts at the steel shell solid

titanium interface, once the temperature at this intèrface

reaches about 1190°C or 1463 K. A'ïiquid film of eutectic

.
applied to the steel shelland theisA 'double heat effect'

composition then forms and an exothermic ~eaction is initiated.
'\

steel shelL me'lting times are dec'reased. It was,!"stimated

that the net heating effect (heatflux) during exo~hermic
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. ,

re~ction was (3.97 ±
'--20.63 w m ) or

-2 -1(9.5 ± 1.5 cal cm s )

o

under nominal conditions. of natural convection.

4) During the 'free dissolu~ion period', the temperature

at the surface of the dissolving titaniumincreases causing

the dissolution to accelerate. In the early ·stages of 'free

dissolution', the temperature of the dissolving interface is

lower than melting point of Ti and dissolution occurs. In

the,later stages of '.free dissolution', the temperature of

the dissolving interface approached titanium's melting point

and melting occurred. The relative proportions of dissolut~on

and melting during free dissolution depend upon cylinder

diameter, steel bath·superheat and hydrodynamic conditions.

5) A simplified mathematical model of the· dissolution

process has been developed to describe the coupled.heat and

mass transfer phenomena taking place: The model was shown to

be câpable of providing a good quantitative representation of

the processes studied.

6) Pure vanadium andferrovanadium alloys dissolve in a

more conventional manner: that iS,· no reaction product is

observed between the steel shell and solid vanadium. The·

kinetics of dissolution of vanadium in liquid steel is signi-

ficantly lower than that of titanium.

7) The dissolution of ferrovanadium alloy additions in

steel baths proceeds via a heat transfer or melting dominated

mechanism for alloys containing less than 60% vanadium and by
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a mass transfer mechanism for aIl alloys containing more than

this arnount.

-----

-
J
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CHAPTER 8

FUTURE WORK

It 1s~gested that the turbulence generated during
('

the free dissolution of titanium in liquid steel would be

weIl worth further hydrodynamic investigation. The dissolution

of ice cylinders in'a 93 wt% H2504 at· tempe ratures of -25°C

(or 248 K) could serve as a low temperature model for this

purpose. At higher temperatures, the dissolution of iron in

a ferrosilicon bath wit~ 50 wt% silicon could prove to be an

appropriate model.

Another area where future work is called for'is in the

quantitative analysis of exothermic heats of mixing and dis-

solution rates. This problem could be tackled experimentally

by studying the.behaviour of iron cylinders in ferrosilicon

baths of differing silicon contents.

c.
...,
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. CHAPTER 9

CLAIM TO ORIGINALITY .

••Many aspects of this work are,in the author's opinion,

contributions to original knowledge.

Thus, an experimental '·direct' method for studying the

dissolution of solid alloy additions in molten steel has been

developed which is capable of yielding data of high ~ccuracy.

In terms of developing the data acquisition system, the

interface of 55-50 bus* with the MOTOROLA EXORciser bus* is

new.

In the metallurgical context, the reaction between steel

shell and titanium is a novel phenomenon which has been observed

and explained. 5imil~rly, a detailed analysis of heat and

mass transfer phenomena associated with'the dissolution of

titanium in liquid steel has been carried out that is entirely

novel.

This work contains the first experimental data on the

dissolution kinetics of pure vanadium and ferrovanadium alloys

in liquid steel.

"

*bus is a standardized combination of microprocessor signaIs
which are common in many subsystems.
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3) Heasured and predicted temperatures at a point.l.62 cm (rom
cylinder centerline;

4) Heasured and predicted "temperatures at the cylinder' s
centerline. J
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Figure 1-3 Results from a titanium dissolution experiment ln liquid steel.
Cylinder diameter 5.08 cm and 22 cm in length:

1) Registered net downward force;
2) Measured steel bath temperature;
3) Measured and predicted temperatures at a point 0.7 cm from

cylinder centerline;
4) Measured and predicted temperatures at the cylinder's

centerline.
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Figure 1-4 Predicted cylinder radius versus time for the experimental results.
presented in Figure 1-3:

1: Predicted cylinder radius
2: Initial cylinder radius

AB:' Steel ahe11 period
BCD: Free dipsolution period

BC: Dissolution
CD: Melting
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Figure 1-5 Results from a titanium dissolution experiment in liquid steel.
Cylinder diameter 2.54 cm and 21.0 cm in length:

1) Registered net downward force;
2) Measured steel bath temperature;
3) Measured and predicted temperatures at the cylinder's

centerline.
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1: Predicted cylinder radius;
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AB: Steel shell period;
BCD: Free dissolution period; >

BC: Dissolution;
CD: Melting "
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Results from a titanium dissolution experiment ~n liquid steel.
Cylinder diameter 3.81 cm and 21 cm in tength:

1) Registered net downward force;
2) Measured steel bath temperature;
3) MeaSured and predicted temperatures at a point 1.35 cm from

cylinder centerline;
4) Measured and predicted temperatures at the cylinder's

centerline.
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Figure 1-8 : Results from a titanium dissolution experiment in li~uid steel.
~ylinder diameter 2.54 cm and 20 cm in length:

1) Registered net downward forcfrY
2) Measured steel bath temperature;
3) Measured and pre<licted temperature.s at the cylinder's

centerline.
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APPENDIX l

PART 2: QUALITATIVE SIMULATION OF TITANIUM

DISSOLUTION IN LJQUID STEEL USING A

CALCOMP 663 DIGITAL PLOTTER

Events which occur in tqe cross-
(

section of a-titanium cylinoer per-

pendicular to the cylinder vertical
~

axis are presented sequentially.

199
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Figure 1-9 Time t o. Prior to immersion.
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Figure 1-10 Time t > O. 1mmediately after immersion steel freezes
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Figure 1-12 The .thickness of the steel shell and reactil'n zone increases.
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APPENDIX II

TRANSFORMATION OF PARTIAL DIFFERENTIAL EQUATIONS INTO

THE FINITE DIFFERENCE EQUATIONS

The equation:

a 3 (r~) 3°
r ar 3r ai:

can be written as:

3'0

dr'

1 dO
aat (II-l)

From Taylor series with proper substitution, the following

. b b . d 68expresslons can e 0 talne .

. (dO) °N+l - ON d'O· tu d'O· (tir) ,
tir

(-) 2T (-)
3: .dr N dr' dr' N

(d' 0) °N+i - 20
N

+ °N-l (d' 0) (tir) ,
=

d.r' N (tir) , dr' N 12

Similarly,

°N+l - ON (d' 0) tlt (d' 0) tlx'(dO)
dt N tlt dt' N

2T-
dt' N 3:

(II-2)

(II-3)

(II-4)

Keeping the firs.t term on the right hand side of equations

(11-1), (11-2), (11-3) and truncating the rest the following

equations can be obtained:
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.",
8N+1

- 8
N1

(~)... "ar N Er

( a 2 6) 6N+1
- 28 '+ 6N- 1N

"
ar 2 N (tir) 2

8 ' - 6
( a 0 ) "

N N
. aï: li.tN

(II-S)

(II-6)

(II-7)

Substituting equations (11-6) and (11-7) into equation (11-1)

·we obtain:

(II-8)

The second term on the left hand side of equation (11-8) can

be,written as:

(II-9)1 ao" 1, r ar (N-l) tir

Substituting (11-9) into

6N+l - 6N- 1
21'.r

(I~8) we obtain the equation (4.22).

( "
)

•,
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ESTIMATION OF EXOTHERMIC H~ATS OF MIXING AND TITANIUM

MASS TRANS FER COEFFICIENT DURING STEEL SHELL PERIOD

At the steel shell-titanium interface,solid steel at a

temperature ,below its melting point is dissolving and mixing

with solid titanium. It was found experimentally (section 5.3)

that the relative amounts of Fe and T~in the reactiQn zone

are 60 wt% Fe and 40 wt'% Ti. The product we assume is a

mixture of FeTi and Fe 2Ti. Consequently, the exothermic dis­

solution reaction can' be represented by:

-.
0.57Fe(S) + 0.43Ti(S) + 0.29FeTi(L) + 0.14Fe 2Ti(L)

where

l NU
- 0.57 Fe (III-2)

The

This intermixing results in an enthalpy change 6Hm

.
0.57HFe + 0.43HTi - 0.29HFeTi - 0.14HF T'e 2 ~

The study of the above enthalpy change was done using the

facility for the analysis of chemical thermO;ynamics. 94

data were taken from reference 61. It was found that:

(III-3)

6H
m

-6.97 kcal/ffiole of titanium qII-4)
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1
The semi-empirically determined heat flux fitting the

dissolution data was found to be in the range Of~ to Il

caL cm- 2 sec- l (~r 3.34 x 10 5 to 4.60 x 105· w m- 2 l.
l' .)

Consequently, the molar ·flux is given by:

N" = Heat flux
lIHm 0

3 10- 3 g mole cm- 2 s~lwhich cqn range from 1.14 x 10- to 1.57 x

The mass transfer coefficient can be defined as:

molar flux of Ti
net concentration driving force

where the driving force: Cl - C2 and

Cl: mole of Ti in (Pure Til/cm3 = 0.09556

C
2

: mole of Ti in (mixture 40 wt~~Ti)/cm3 0.0511

Consequently for the system studied, the mass transfer

coefficient of titanium varied from 0.025 to 0.035 cm sec-l or

-1
( 2 . 5 to 3. 5 ms). In a similar way the mass transfer of iron

was calculatèd and found torange ~rom 0.024 to 0.033 cm s-l

The thickness of the reaction zone could the~fore be

deduced based on a knowleage of the heat released and the

stoichiometry of the reaction (Equation 111-1).
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APPENDIX IV

LIST OF PROGRAMS

PARt 1: PROGRAM KINET WRITTEN IN

MOTOROLA 6809 ASSEMBLER

n

,

211

"-,
,.

DEVELOPED BY·

STAVROS A. ARGYROPOULOS

McGILL UNIVERSITY

1981

•
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70EB 10FF 7474

70E6 lOFE 1414
70EA 39

~

10BB BD' F09E
lOBE BE 134A

~..

ACCUMULATOR
COMPARISON
TEMPERATURE

OUTPUT 1NSERT
BATH TEMPERAT~RE

SET INTERRUPTS
EVERY SECOND

TEST FOR TEMPERATURE
IF NEGATIVE GO TO LL

'OISABLE FURTHER INTEARUPTS
WRIlE IN5

D'l
TELOS
RRXH
-IN4
POATAI
INEEE
.If')'

TEL OSI
-BATH

O.X
l.X
-TSEK
PORTAI
INEEE

POATAI
- 1N3

PORTAI
OEclMR

JUMI'
-CHRN
PORTAI
INEEE
.S30

.S20
-CHRI
.SEO

LL
.S3C
SEOl3
-1 NS
POATAI
0$00
-SCAN
SOFCB

CLEAR INTERRUPT MASK BIT
AND WAIT FOR INTERRUPT

S,1ACK

ID SUHHOUIINE DECIMA
OUI PUT' I.J-NE WH III NG •
HOW MRNY CHRNNELS
1NSERT A NUHBER
CONVÈRT TO BfNAAY
MUL TJPU BI TWO
AOO THE RESULI TO 20
FINO THE. AOOAESS OF CHAI
EO IS THE FIRST BITE
OF CHANNEL AOORESS
STORE AT CHAI
STORE AT CHA1'1
OUTPUT ALINE IS THE
ABOVE DATA CORRECT
INSEAT A CHRRACTEA
IF lES
GO TO TELoS
OR GO TO' ARXH
OUTPUT ALINE
00 YOU WRNT TO WAIT
INSERT A CHARACTEA
IF YES
GO TO TELOSI
GET AOORESS
OF THE ~ATH SCANNING

SOFCB . SUBAOUT 1NE
RNo STORE FOR IRG INTEARUPTS

CONFIGURATION FOR INTERAUPT ~IMER

-SEOIO
.sFF
2.X
.s30
3.X
.SBO
2,X
.s06
2.X
_SEF

L OX
LOAA
STAA
LOAA
STRA
LORR
STRR
LORR
STRR
CWAI

ST S

LOS'
RTs

JSA
LOX

JSA'
,/SA

• LOX
JSA
JSA
SU BA
ASLA
ADDA
LOX
LOAB

ST AB
STAA
LOX
JSR
JSR
CMPR
BEG
JMP
LOX.
JSR
JSR
CHPA
BEG
LOX'

ST X

TEL OS 1

BASIC
•

•
•

•

•

•

•

•

•

•

TELoS

"

LL
•

.'

OFCB

20
146A
EO

EOIO
FF
02
30
03
BD
02
06
02
EF.

B4
01
132B
F09E
FOBA
59
03
100C
7378
F09E
FOBA
59
F9
71CB

145C

EF
3C
E013
7391
F09E
0000
7144
OFCB

'1426
F09E
FOBA
30

.F09E'
1?50

70EF F6
IOF2 50
70F3 20
70FS B6
70n BI
lOFA BE
70FO BD
7100 lOBE
7104· BE
7 \ 07 BF

7001 BE
1004 Sl6
7006 Al
700B B6
700A Al
70nc B6
100L Al
'70EO B6
IOE2 Al
70E4 3C

70CE BF

70AA El
10AC Al

,IOAE BE
10BI BD
70B4 BD
70B7 BI
70B9 21
70BB 7r

.70BE BE
70CI BD
70C4 BD
70Cl BI
70C9. 27
70CB BE

7091 BD
.7094 BD

. 1091 BE
109A BD
1090 B.O
10AO BD
IOA2 4B
IOA3BB
.10AS BE
10AB C6

64
BS
66
BI
BB
B~

70
71,

,72
73
74
7S'
76
71
7B
79
BD

• 81
,82
83
84
BS
B6
BI
BB
B9
90
9\
92
93 ~

S4
,95
96
91
9B
9S

100
101 '
ID?
103
104
105
106
lOI
lOB
IDS
110
1 11
112
113
114
1,15
116
1 Il
Il B
119,
120
121
122
123
124
125
126
121

"
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( 128 110A BE 145F LO~ ST 1,
129 1\00 Ba FOBA LL\ JSR INEEE HRIT LOOP
130 - " TO STRRT SCANNING
131 11 la 8\ 52 CHPR • 'R 1F R THEN START

.132 11 12 26 F9 BNE LU
J 133 " CONFIGURRTION FOR SCRNNIQG ROUTINE

134 1114 IR la SEI
135 ll16 CC FF30 LOO . "$F?O
136 11 19 Fa EOl2 STO 'tRI 2
131 II \ C 86 80 LOAA .$80
138 11 1E Bl EOl2 STRR $EO\2 RESET OSCILLRTOR/OIVIOER
139 112\ 86 05 LORR .$05 SET UP TIHING-INTERVAL
140 " EVERY TENTH OF'A SECOND
141 ll23 Bl EOl2 ST RA $EO 12
142 ll26 3C EF SCI CHAI -$EF
143 " CLEAR NTERRUPT HASK BIT ANa

> 144 " HR 1T F R IRO INTERRUPTS
145 1128 30 IF LEA~ -l.~ •
146 " OECREASE COUNTER
141 112R 26 FA BNE SCI
148 1\ 2C 86 3C LOAR ·$JC
14.9. ll2E Bl EOt3 STAA $EO\3 OISRBLE
150 FURTHER INTERRUPTS
151 1131 8E 1303 LO~ -ENO\
152 1134 BD F09E JSR POATA\
153 ll31 CC OFFF LOD -$OFFF
154 " RRT IFICIRL DATA
155 113R EO AO ST 0 o.Y<
156 113C -lE 21 OG Y.~
151 113E BD F06A J5R OUT4HS HRITE THE LAST ROORESSr 158 ll41 lE C003 JHP $C003
159

" " SCANN ING ROUTI NE
160 1144 B6 EOI2. SCAN LOAA $EO\2
161 - NO HORE INTERRUPTS OURING E~ECUTION
162 - OF INTERRUPT SERVICE ROUTINE
163 ll41 CE E020 LOU -$E020 RIO BOARD BASE AOORESS
164 114A 8E 0000 SCRNN LO~ -$00 CLEAR HEHORY LOCATIONS
165 1\40 BF 146C ST~ VAL FR OH VAL TO
166 ll50 BF 146E SIX VRL<2
161 1153 BF 1410 SIX VAR<I VAR<2
168 1156 8E 0080 LO~ -$0080
169 1159 Al C4 SCRNI STRR O.U CHRNNEL ROORESS
110 " Ta BE CONVERTEO
11 \ ll5B Ba 12B8· JSR STRTlS ROOITION SUBROUTINE

, 112 liSE 86 02 LOAA • $02
113 1160 4R OELRY OECR
114 116 \ 26 FO BNE DELAY
115 ll63 B6 E020 CCI LOAR $E020 CHECK
116 - IF.THE CONVERSION 1S COHPLETEO

)
111 1166 85 la BITR • $l'a
118 ll68 21 F9 BEO CCI

.... 119 ll6A B6 E020 LORR $E020 GET HOST SIGNIFICRNT BYTE
180 1160 F6 EO'2 \ LOAB $E021 GET LEAST SIGNIFICANT BYTE

c: 181 1110'85 OB BITR ·$08 CHECK IF THERE IS NEGATIVE
.~. - VOLTAGE

ll12' 21 OC BEa SKATA IF YES
184 1114 8R Fa ORRR .$FO PUT F IN THE HOST
18S " SIGNIFICANT BITS
186 ]) 16 Bl 1410 STRA VAR<I
181 .,.t'\19 86 FF' LOAA .$FF DO THE SAHE,:-
188 lllB Bl 146F STRA VAR RNO STORE RT VAR
IB9 lllE 20 OA BRR STAVR ../190 11'BO 84 OF SKRTA ANOA. .$OF PUT a IN THE HOST
191 " , SIGNIFICRNT BITS
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#

192 7\82 B7 1470 STAA VAA+I STOAE AT VAA+ \
( 193 7185 86 DO LOAA .SOO PUT DO ANO,STOAE
, 194 7187 B7 746F STAA VAA AT VAA

195 718R n 7471 STAVA STAB VAR+2
196 7180 3D IF LEAX -LX OECAEHENT CONVEASIONS
191 • COUNTER
198 118F 26 C8 BNE SCANI
199 7191 F8 146E ROOB' VAL+2 SJMJLAA INSTAUCTIONS
200 " WJTH SUBROUTINE STATIS
20\ ' 7194 n 146E STAB VAL+2
202 7191 B6 1410 LOAA VAR+ 1
203 119A B9 1460 AOCA VAL+I SUBAOUT 1NE f'OR TME
204 1\90 Bl 1460 STAA • VAL +1 FJNAL ADDITION
205 llAO B6 146F LOAA VAA
206 1\A3 B9 146C ROI;"R VAL

, 201 71R6 Bl 146C 9TAA VAL
208 " , TM JS SECTION FINOS TME AVEAAGE'
209 " OF TME CONVEASJONS ....~

210 l1A9 86 Dl LOAA .SOl'
21 1 llRB 11 146C OAV J0 ASR VRL
212 1\RE'16 7460 ROR VAL+I
213 l\B\ 16 146E ROR VAL+2
214 1\84 4R OECA
2\5 li B5 26 F4 BNE OAVJO
2\6 11 Bl FC 7460 LOD VAL+I GET TME CONVEASJON RESULT
211 71BR EO R\ STO O.Y1"i" STOAE IN TME HEMORr AND
218 ~ " 1NCAEHENT INDEX REGISTER Br TWO
219 71BC 33 ,42 LEAU 2. U,
220 718E II B3 146A CMPU CHAI
221 " CMECK IF ALL CHRNNELS HRVE BEEN CONVEATEO

1 222 71 C2 21 03 BEO RET\
223 >71 C4 7E 7l4R JMP SCANN CONVERSION
224 71 Cl 10AF 66 RETI sn 6,S
225 71 CA 3B RT J RETUAN FAOM JNTERRUPT

"\~ 226 " INTEAAUPT SERVJCE ROUTJNE FOA JNITIAL
227 • BATH HEASUREHENTS
228 71CB B6 EOl2 BATH LOAA SEOl2 NO HORE INTERAUPTS OURING
229, " THE EXECUTION OF INTERRUPT SERVICE AOUTINE
230 71CE 108E 0100 Lor .SOIOO DO 256 CONVERSIONS
231 ,7102 8E 0000 LOX .SOO CLEAR MEMORr
232 7105 BF 746C ST X VAL LOCATIONS
233 7108 BF 746E ST>:.. VAt+2 VAL
234 7\OB BF 7470 ST X VAR+I TO VAR+2
235 7\OE Bl E020 BRTH 1 STAR SE020 INITIATE CONVERSION
236 7\EI BD 72B8 JSR STAT JS JUMP TO sTATIS
237 71E4 86 05 LOAR .S05
238 7\E6 4A DELAY! OECA
23S " 7\E7 26 FO BNE OELRYI
240 71ES B6 E020 BATH2 LOAA SE020
241 71EC 85 ID BITA .S\O
242 71EE 27 F9 BEO BATH2
243 71FO B6 E020 LOAR ,SE02(1 FIAST BrTE OF CONVERSION
244 71F3 F6 E02\ LOAB SE021 SECOND BrTE OF CONVEASION
245 7\F6 85 08 BnA .s08 LOGICAL AND FOR + OA -
246 7\F8 21 OC BEo BATH3 IF + GO TO BATH3
241 71FR 8R FO ORAA .SFO PUT F FOR TWO'S COMPLEMENT
248 71FC B7 7410 STRR VRR·I STORE RT VRR+ \
24S 71FF 86 FF .LORR '$FF LORD FF
250 7201 B7 746F STAA VAR STOAE FOR TWO'S COMPLEMENT
251 7204 20 DA BAA BATM4 GO TO BATM4
252 7206 84 OF BRTH3 RNOR .sOF PUT 0 FOR TWO'S COMPLEMENT
253 7208 Bl 7410 STAR VAR+\ STOAE RT VAR+I
254 720B 86 DO LOAR .SOO

00 AT~AR255 7200 B7 7.46F STAR VAA STORE
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256 7210 F7 7471 BATH4 STAB VAR+2
257 7213 3\ 3F LEAl -1,1 lORO CONVERSION'S NUHBER
25B 7215 27 03 BEQ NOT IF 0 GO TO NOT

·k259 >7217 7E 710E JMP BATHI JUMP TO BATHI ),
260 a CONVERSION'S AVERAGE
261 72\R FB 746E NOT RODB VAL+2
262 72\0 F7 746E STAB VRL+2
263 7'nO B6 7470 lORR VRR+I
264 7223 B9 7460 AOCA VRL+\
265 7226 B7 7460 • STRA VRL+I
266 7229 B6 746F lOAA VAA
267 722C B9 746C AOCA VRL
268 722F B7 746C STAA VRL
269 a AT THIS POINT VRL RNo VAL+I HAVE '"r 270 a THE CONVERSION'S AVERAGE
27\ 7232 BE 746C lOX VAL ? lOAD CONVEASION AVERAGE
272 7235 BF IlFF9 STX ~BFF9 HOVE CONVERSION RESUlT
273 a TO BASIC
274 7238 lE 10 EXG X.O
275 723A 1083 7462 CMPD SRCE!
276 723E 2F 04 BLE DONE
277 7240 C6 FF lDRB .$FF
278 7242 20 02 BRA OUT
279 7244 C6 01 OONE lORB ·$01
280 7246 F7 745C OUT ST AB KRPOU
281 7249 8E 7324 lOX aL! NE
282 724c BO F09E JSR PDATRI
283 724F 3B

ç>
RT 1 RETUAN FROM INTERRUPT

284 a THE SUBROUTINE DECIMA RCCEPTS
285 a DATA FOR THE
286 a BATH THERMOCOUPLE IN DECIMAL
287 a FORM RND
288 a MODIFIES Il IN HEXADECIMAL FOAM
289 a THIS DATR IS TREATED AS ADDRESS
290 a ANo THE CONTENT OF THIS
291 a . AOORESS IS tHE HEXRDECIMAl FORM OF THE
292 a BATH THER~OCOUPlE HHICH IS COHPARED HITH
293 a THE HEASUREO BATH TEHPERATURE
294 7250 7F 7456 DECIMA ClR VV
295 7253 7F 7457 ClR VV+l
296 7256 BD FOBA STARTD JSR INEEE
297 7259 91 00 ct1PR .$00 IF THIS IS C R
298 725B 27 48 BEQ FlN GO TO FIN
299 7250 80 30 SU BR .$30 CHRNGE FROM ASC II
300 725F B7 745C ' STRR KRPOU
301 7262 78 7457 ASl VV+1

) 302 7265 79 7456 ROl ' VV
303 726B BE 7456 lDX VV
304 726B BF 7459 STX RLPHR
305 726E 78 7457 RSL VV+I
306 7271 79 7456 ROl 'vv

~

307 7274 78 7457 ASL VV+I \ '
308 7277 79 7456 ROl VV
309 727R BE 7456 lDX VV
310 7270 BF 745A STX BETA' , ,
31 1 7280 B6 7459 lDAR ALPHA+l'
312 7283 F6 7458 lOAB RLPHA
313 7286 BB 745B ADDA BETA+I
314 7289 F9 745A ADCB BETR
315 72eC B7 7457 ST RA VV+I
316 728F F7 7456 STRB V'V
'317 7292 C6 cro lDRB ·$00
318 7294 B6 745C lDAR KRPOU
319 7297 BB 7457 RODA VV+I
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320 729A f9 1456 AOCB VV
321 7290 Bl 1451 STAA VV'l
322 72AO n 1456 STAB VV,

1 323 72A3 20 BI BRA 9TAATO, 324 72A5 B6 1456 fIN ' LOAA VV
325 12A8 8A 10 OAAA .$10 PUT 1 AT THE HIGH
326 • OROrA BITS
321 72AA Bl 1456 STAA VV
328 72AO BE 1456 LOX VV VV CONTAINS THE AOORES9
329 • Of THE TABLE

,330 72BO A6 84 LOAA O,X GET THE HIGH OROEA BYTE
33l 72B2 E6 01 LOAB l , X GET THE LO~ OROER BYTE
332 72B4 fO 1462 9TO SRCtl SRCEI CONTAINS THE
333 • CONT ENT Of THE
334 '. ABOVE AOOREss Of THE TABLE
335 72Bl 39 RT S

----336 • THIS SUBROUTINE AOOS A THREE BnE
331 • T~O'S COHPLEHENT NUHBEA
338 • NUHBEA OURING THE CONVEASION
339 72B8 f6 1411 ST AT 1S LOAB VRR'2
340 72BB fB 146E AOOB 'VAL'2
341 72BE n 146E STAB VAL·2
342 72Cl B6 1410 LORA VAR·l
343 72C4 B9 1460 AOCA VAL·l
344 72Cl Bl '1460 STRR VRL<1

~

345 12CA B6 ·146f LORR VRR
346 72CO B9 146C AOCR VRL
341 7200 Bl 146C STRR VRL
348 1203 39 RTS
349 . 7204 00 OA 1N1 Fca $OO,$OR'.
3~~

7206 49 4E 53 45 FCC Il NSrAT IHHERSION TJ HEl
120R '52 54 20 49
120E 40 40 45 52
12E2 53 49 4F

~~'12E6 20 54 49 \12EA 45
35l 12tB 20 49 4E 20 FCC 1" 1N SECONOSI

12EF 53 45 43 4F
12F3 4E 44 53

352 72F6 00 OR OR 04 FCB $00,$OR.$OA.$04
353 72FA OO'OR IN2 FCB $OO,$OR
354 72FC 49. 4E 53 45 FCC /INSrAT NUHBrA OF 1

1300 52 54 20 4E
1304 55 40 42 45
1308 52 20 4F 46
130C 20

355 1300 40 45 41 53 FCC IHEASUREHENTS PER SECONOI
7311 55 52 45 40

\
1315 45 4E 54 53
1319 20 50 45 52 •7310 20 53 45 43
132l 4F 4E 44

356 1324 00 OR OA 04 LINE FCB $00,$OA,$OA.$04
351 1328 00 OR OA TSEK FCB $OO.$OA.$OR'
358 132B 49 53 20 54 FCC Ils THE RBOVE OATR CORRECT 11

132F 48 45 20 41
la33 42 4F 56 45.
7331 20 44 41 54
133B 41 20 43 4F ",

. 133f 52 52 45 43.
7343 54 20 3F

359 1346 00 OA OR 04 FCB $00.$OR.$OR.$04
360 134A 00 DA OR IN3 FCB $OO.$OR.$OA
361 1340 49 4E 53 45 FCC IINSERT BATH TEHPERATUREI
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7351 52 54 20 42
, 7355 4.1 5'< 46 20
.... 7359 54 45 40 50

7350 45 52'4\ 54
7361 55 52 45

362 7364 20 49 4E 20 FCC liN OEGREES CELSIUSI
7366 44 45 47 52
736C 45 45 53 20
7370 43 45 4C 53
7374 49 55 53

363 7377 00 OR OR 04 FCB SOO.SOR.SOR.S04
364 737B 00 OR OR IN4 FCB SOO.SOR.SOA
365 737E 44 4F 20 59 FCe 100 YOU ~ISH TO ~A lT 11

7362 4F 55 20 57
7366 49 53 46 20
736A 54 4F 20 57
738E 4\ 49 54 20
7392 3F

366 7393 qo OA OA 04 FCB SOO.SOA.SOA.S04
367 FOBA INEEE EaU SFoBA
366 F09E POATAI EaU SF09E
369 FOOF CUTEEt EaU SFOoF
370 F06R CU14HS EaU SF06A

l...371 ' F026 BAOOR EaU SF02B '
372 7397 00 OR 07 OA l N5 FCB SOO.SOA.S07.S0A
373 739B 54 49 40 45 FCC 111"E CF IMMERSION NC~I

"739F 20 4F 46 20 ...
7~R3 49 40 40 45
73A7 52 53 49 4F
73A6 4E 20 4E 4F
73AF 57

374 7360 00 OA 07 FCB SOO,SOA.S07
375 7363.57 48 45 4E FCC I~HEN YOU AAE REAOY , PAESS RI

7367 20 59 4F 55 •
73BB 20 41 52 45
73BF 20 52 45 4\
7.3C3 44 59 20 2C

!' 73C7 20 50 .52 45.... 73C6 53 53 20 20
73CF 52

376 7300 00 OA 04 FC6 SOO.SOA.S04
377 7303 00 OA ENOI FCB SOO,SOA
378 7305 45 4E 44 20 FCC IENo OF SCANNINGI

7309 4F 46 20 53
7300 43 41 4E 4E
73E\ 49 4E 47 .

379 73E4 00 OA 00 OA FCB SOO,SOA.SOO.SOR,SOA
73E6 oA

360 73E9 46 49 52 53 FCC 1 FIA Sl OA1A ~AS S10AEo Al 00001
73EO 54 20 44 4\
73FI 54 41 20 57
73F5 41 53 20 53
)3F9 54 4F 52 45
73FO 44 20 4\ 54

~

7401 20 20 30 30
7405 30 30

.3 8 \ 7407 00 OA 00 OA FCB SOO.SOA,SOO,SOA
382 '740B 4C 4 \ 53 54

1 FCC ILASl OA1A ~AS S10REo Al 1
740F 20 44 4\ 54
7413 4\ 20 57 4\ •7417 53 20 53 54,
7416 4F 52 45 44
741F 20 4\ 54 20
742320 20

)
•

·""r O
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383 7425 04 .FCB S04
384 7426 00 OA CHAN FCB SOO,SOA

1 385 7428 48 4F 57 20 FCC /HCH HANY CHANNELS AAE GCING /,
.742C 40 41 4E 59
7430 20 43 48 4\ ,
7434 4E 4E 45 4C
743B 53 20 41 52
743C 45 20 47 4F
7440 49 4E 47 20

386 7444 54 4F 20 42 FCC /1C BE SCANNEO/
7448 45 20 53 43
744C 41 4E 4E 45 /'""7450 44

387 745\ 20 3F FCC / 11
388 7453 00' OA 04 FC8 SOO.~OA.S04
389 7456 VV RN8 2
390 7458 ALPHR RM8 2
391 745R 8ETA ANB 2
392 745C' KAPCU "flNB 1.

. 393 7450 V RNB 1
394 745E 0 RNB \
395 745F • ST \ RNB 2
396 7461 ST2 RNB \
397 7462 SACEI RNB 2 ,
398 7464 STeRE RHB 2
399 7466 SACE AHB 2
400 7468 OES1 RHB 2
40\ 746A CHA 1. RHB \

-,.,. 402 746B CHA2. 'RHB \
.\ 403 746C VAL AHB 3

. 404 -746F VAA AH~ 3
405 74102 VVV AHB 2
406 7474 STACK AHI! 2
407 " TABLE FCR. CCHPAA j SCNS
41f8 750C CAG $150C ....
409 7.50C 05 95 FCB S05,S95
410 75E\ CAG $15E 1
41 1 75E\ OS 9A FCB S05,S9A
4\2 7SE6 CAG $15E6
413 75E6 05 AB FCB S05,SAO
414 75EB CAG $15EB
4\5 75EB 05 A6 FCB S05,SA6
416 75FO CAG $15FO
417 75FO 05 AC FCB S05,SAC
418 75F5 CAG $15F5

~~~ ,
75F5 05 B\ FCB S05,SB\
75FA CAG $15FA

42\ 75FA 05 B7 FCB S05.SB7
422 75FF CAG $15FF
423 75FF 05 BO FCB S05.SBO
424 7604 CAG $1604
425 7604 OS C3 FCB S05.SC3
426 7609 CAG $1609
427 7609 05 CS FCB' S05,SC8
428 760E CAG $160E
429 760E 05 CE FCB S05,SCE'
430 7613 CAG $1613
43\ 7613 05 04 FCB S05.S04·
432 76\8 CAG $1618
433 76\8 OS 09 FCB S05,S09
434 76\0 CAG $1810 ,
435 76\0 05 OF FCB S05,SOF

4.T
'·436 7622 CAG $1622

437 7622 OS ES FCB S05.SE5

,
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i...
43B 7627 OAG $1627
439 7627 05 EB Fee S05.SfB
440 762e OAG s762e
441 762e 05 FO Fee S05.SFO
442 7631 GAG' , S7631
443 7631 05,F6 'Fee S05.SF6
444 7636 '. OAG S7636
445 7636 05 Fe Fee S05,SFe •446 763e' GAG S7636
447 763e 06 01 Fee S06,SOI
44B 7640 OAG $1640
449 7640 06 07 Fee s06,s07
450 7645 OAG $1645
451 7645 06 00 Fee s06,$00
452 764A GAG $164A
453 764A 06 12 Fee S06.$12
454 764F GAG S764F
455 764F 06 lB FeB S06,$le
456 7654 GAG' S7654
457 7654 06 lE FeB S06,SIE
45B 7659 GAG S7659
459 7659 06 23 FeB S06. s23'
460 765E GAG S765E
461 765E 06 29 FeB S06,S29
462 7663 GAG S7663
4.Q3 7663 06 2F FeB S06,s2F
464 766B GAG $1668
465 766B 06 34 FeB s06,s34
466 7660 ORG S7660
467 7660 06 3A FeB S06,s3A
468 7672 GAG S7672
469 7672 06 40 FeB s06,s40
470 7677 ORG $1677
471 7677 06 45 FeB S,06, $45
472 767C GAG s767e
473 767C 06 4B foeB S06,S4B
474 76B 1 . GAG s7681
475 7681 06 50 FeB S06.S50

. 476. 7686 OAG $7686
477 7686 06 56 FeB S06,S56
478 END

0 EAAOA IS1 on ECT ED

SYHBOL TABL E: ,
ALPHA 7458 ARXH 700C eAOOA F02B BA5 j C 70fB BATH 71CB
BATH 1 710E BATH2 71 E9 BATH3 12.06 BATH4 7210 BETA 745A
CCI 7163 CHAI 746A CHA2 746B eHAN 7426 0 745E
DAVID 71AB OECIHA 7250 OECR 7070 OELAY 7160 OELAYI 71E6
OEST 7468 OONE 7244 ENOI 7303 FIN 72A5 INI 7204
1N2 72FA j N3 734A 1N4 737B IN5 7397 INEEE FOBA
KAPOU 745C LJ.NE 7324 LL '70E4 LLt 7100 NEXT 72IA
OUT 7246 OUT4HS F06A GUTEEI FOOF POATAI F09E RET! 71 C7
sel 7126 seAN 7144 SCANI 7159 seANN 714A SHIFT 7071
SKAT A 7180 SR CE 7466 SACEI 7462 ST 1 745F' ST2 ,7461
STACK 7474 ST AAT 7018 . STAAT! 704B STAATo 7256 STATIS 72B8
STAVR 718A ST ORE 7464 TEL 7039 TEll 706C TELOS 70BE
TEL OS 1 70C4 TSEK 7328 V, 7450 VAL 746C VAA 746F

1 VV 7456 VVV 7472 l'
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APPENDIX.IV

LIST OF PROGRAMS

•
PART 2: PROGRAM TEMP WRITTEN

IN BASIC

PROGRAM TEMP RUNS

SIMULTANEOUSLY WITH

f'0GRAM KINET

DEVELOPED BY

STAVROS A. ARGYROPOULOS

MC~ILL UNIVERSITY!

/

, 221
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la LET H:50000./~OS6.

20 LET AO:3.423B5B2E'2
30 AI-6.14B5536E-2
40 A2-2.7924100E-7
50 OPOKE HO '"BFFB"I .HO 1"7000")
50 Hl-H.USA lOI
70 H2:HI.HI
80 TE-AO'AI.HI'A2.H2
sa PAIHT USING •••••.••. TE
100 HI.H.USA lOI
110 H2-HI.HI
120 TE:AO'AI.HI+A2.H2 .
130 PAINT USING •••••.• ·:TE
140 GO TO 100
150 ENa

•

222
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APPENDIX.. IV

. LIST OF PROGRAMS

PART 3: PROGRAM OFFSET WRITTEN

IN MOTOROLA 6809

ASSEMBLER

PROGRAM OFFSET IS USED

FOR A/D ·C~LIBRATION

DEVELOPED BY

STAVROS A, ARGYROPOULOS

McGILL UNIVERSITY

1981

"

223
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l

.-----.
1 NAM ~FFSET

2 BOOO OAG $BOOO
3 BOOO 108E F800 lOY -$F800
4 8004 86 84 STAAT lOAA -$64
5 B006 B7 BIBO STAA COUNT
6 6009 4F ClAA
7 BOOA 7F BIAF ClA BHTA
B BODO B7 03EO CONV STAA . $03E.o
9 BOlO 6E 801A lOX. -$801A

10 BOl3 BD E2C5 JSA- OElAYl
Il BO 16 86 03EO CCI lOAA $03EO
12 B019 B5 10 BITA -$10
13 B01B 27 ,FB BEa CCI
ILl BO 10 B6 03EO lOAA $03EO
15 B020 F6 03E 1 lOAB $03EI
L6 B023 B5 08 BITA -$08

,)
17 B025 27 04 BEa 9KATA
1B B027 8A FO ~AAA -$FO
19 B029 20 02 BAA STAVA
20 B02B 84 OF 9KATA ANOA -$OF
21 B020 FO BIBI 9TAVA STO STORE
22 B030 10BC BIBI CMPY STORE
23 B034 2B 03 BNE AA
24 B036 7C BIAF INC BHTA
25 B039 7R B1BO AR OEC COUNT
26 B03C 26 CF BNE C6NV
27 B03E B6 BIAF LORA BHTA
2B B041 B7 BI B3 ' 9TAA STRO'
29 B044 8E BI B3 lOX -STRO
30 B047 BD EOBF • JSA ' OUT2H
31 B04A 8E BI B5 lOX -UNE
32 B040 BO E07E JSA PORTAI
33 B050 BD EIAC JSA INEEE
34 B053 81 46 CMPR -'F
35 BOSS 27 09 BEa 7ElOS
36. B057 BE BI B5 lOX -UNE
37 B05A BD E07E JSA PORTAI
38 >B050 7E B004 JMP START
39 B060 3F HlOS 9W 1
YO èlAF ~AG $BIAF
YI BIAF BHTA AMB 1
Y2 BIBO C~UNT AMB 1
LI3 BIBI ST~AE AMB 2
44 BtB3 9TR~ AMB 2
45 'BI B5 20 20 OY L1NE FCB $20,$20,$04
Y6 E2C5 OElAY! Eau $E2C5
47 EOBF ~UT2M Eau $EOBF
YB Eon PORTAI Eau $E07E
Y9 El 01 ~UTEEE Eau $ËIOI

-------

------> 50' E1RC 11EE Eau $EIAC
5\ END

0 ERAOR {SI on ECHO •

SYHBOl TA Bl E: ".
AR B039 BHTA BIAF CCI BOl6 CONV .<1, BODO. C~UNT BIBO
DELAY! E2C5 INEEE EIRC L1NE BIB5 ~UT2H EOBF OUHEE ElOI
POATAI E07E 9KATR B02B STAAT B004 STAVR ,B020 STORE BIBI
STAO BIB3 Hl~S BOSO
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APPENDIX IV

LIST OF PROGRAMS

PART 4: PROGRAM GAIN WRITTEN

IN MOTOROLA 6809

ASSEMBLER

PROGRAM GAIN IS USED

FOR A/D CALIBRATION'

DEVELOPED BY,

STAVROS A. ARGYROPOULOS,

McGILL UNIVERSITY

1981

,
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.
1 NAH CAIN
2 8000 OAG $8000 r

3 8000 lOBE 07FF LaY o$07FF.
4 8004 B6 B4 STAAT LOAA .$64
5 800B 87 8\80 sTAA COUNT
6 800S 4F "

CLAA
7 BOOA 7F 8\AF CLA 8HTA
B 8000 BI 03EO CONV STAA $03EO
S 80\0 BE BO\A LOX .$BO\A

lO Bon .BO E2C5 JSA OELAY!
1\ 80\6 B6 03EO CCI LOAA $03EO
l2 80\S 85 \0 8J.T A 0$\0
l3 80\8 27 F9 8EQ CCI •
l4 8010 86 03EO LOAA $03EO

) l5 8020 F6 03Et LOA8 $03E\
\ 6 8023 B5 OB 8ITA .$OB ..
Il 11025 27 04 8EQ SKATA'-
16 8021 8A Fa OAAA .$FO
IS 802S 20 02 8AA 9TAVA
20 602 8 84 OF SKATA ANOA ·$OF
21 8020·FO 8\8\ STAVA STO .STOAE

'2'2 8030 \08C 8\8\ CHPY STOAE
23 8034 26 03 8NE AA
211 8036 7C 8\Ar INC 8HTA
25 803S 7A 8\80 AA OEC CCUNT'
26 803C 26 CF 8NE CCNV
27 803E 86 8\Ar LOA'A 8HTA
2B 804 \ 87 8\83 9TAA 9TAC
2S 6044 BE 8\ 83 LOX ..-s~AC
30 8047 80 E06r JSA cu 2H
3\ B04A 8E 8\85 LOX ,.Li NE
32 8040 80 E07E JSA POATA\
33 6as 0 8a EtAC JSA INEH
34 8053 B\ 46 CHPA .'F
35 8055 21 OS 8EQ TEleS
36 B057 8E 8\85 LOX oU NE
31 80SA 80 E07E JSA PO.ATA\
38 >8050 7E . 8004 JHP 9TAAT
3S 8060 3F TELCS SWI

/)\AF40 8\AF CAG
4\ 8\AF 8HTA AH8
42 8\80 CCUNT AH8 \
43 8\ 8\ 9TOAE AH8 2
44 8\83 STAO AH8 2
45 ln 85 20 20 04 UNE FC8 $20,$20,$04
46 E2C5 OELAY! EllU $E2C5
41 E08F riU1'2H EQU $E08F
4B E07E POATA\ EQU $E07E
4s EtO\ CUT HE, EQU $E\ 0\
50 E\AC lNEEE EQU $E\AC'
5\ ENa

a EAACA 19) OETECTEO

SYH8CL TA8LE,

AA B03S 8HTA 8\Ar . CCl 80\8 CCNV 8000 COONT 8\80

~OELAY! E2C5 1 NEEE E\AC . UNE 8\85 CUT2H E08F OUTEEE E\O\
POATA \ JOIE' sKATA 802 8 9TAAT 8004 STAVA 8020 STaAE 8\8\
STAC 8\ B3 TELCS 8060
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APPENDIX IV

L~ST OF PROGRAMS

PART 5: PROGRAM DISSOLUTION
\

WRITTEN IN FORTRAN

DEVELOPED BY

\
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i

STAVROS A. ARGYROPOULOS

McGILL UNIVERSiTY

1981

..



C

C
C
C
C

PAOGAAH OJ5S0LU1JON
AEAL-4lI2.IBSI.HIIBS.2).LH11.LH1A.H1JI.H1J2
AEAL-4 ·HFE.HFE1]I.Hl\FEA.H12FE.H1LFE.H12L.H1L2.CClIBSl
AEAL-4 01A I\BS) .01LH IIBS).C I\BS) .HFEl2A.HFEl2.HFElL.HlI2.H12\
AEAL-4 HPFE.LENG1H.J1A.Kll.K12.K1JL.LHFE.KFE.H1JL
AEAL_4 H12FEA.H1Ll.HlIL
AEAL_4 AAOJUS.AAO.AO.Al
AEAL_4 Kl.KEC.KFE1JI.KFE1J2
INlEGEA CJ. INDEX 120)
COHHON IPRA111 OLX.OLXS.X.A.KFE.C.1AE.ll.1A.1L.H.l
CONHON IPRA121 HlIFEA.H12FEA.H12FE.H1LFE.H12L.Hll.H12
CONHON IPRA131 H1JL.HFE.HlI2.H121.HFE12A,HFE1L.OEAO.AAOI
COHHON IPAA141 OfFE.CPfE.CH1JI.CH1J2.CH1JL.HPFE·.K11 .
CONHON IPAA1S1 OLX22.K12.K1JL.HFE12.CGEN
CONHON IPAA161 01A.01LH.CGI.OR1.0X.CP1Jl,CP1J2.CP1JL.OLl
CONHON I~RR171 LO.N.CJ,N3

SEC1J ON 1
JNPUl OR1R

228

,

AEROIS.lO) IINOEXl]]) ,JJ-l.201
10 fORHRlI20R4)

AERO 15, Il LO
C LO:NUHBER OF NOORL POJN15
1 fORHA11J21 '

AEAO 15.3) J1EA
C llER: NUHBEA 'Of J1ERRl JONS
3 fORHR11J6J
2 fOAHR1If\2.51

AERO 15,2) DL 1
C 0L1:J1EAR1JON llNE

AERO 15,2) COUL
C COUL:COOLJNG RR1E ~f lHE BR1H

RERO 15.2) LENG1H
C LENG1H,CYLJNOE~ INHERSJON LENG1H

AERO IS.21!lR
C . I1R:JNJ1JRL lENPERR1URE Of lHE CYLJNOER

AERO 15,2) NPfE
C HPfE:S1EEL HEL1JNG POJNl

AERO 15.2)lA
C lR:1RRNSfORNR1JON lEHPERR1URE

AERO 15. 211L
C l11RNIUH NEL1JNG POJNl '-1

AERO 15.2) CP1Jl
C CP111:CP fOA lHE fJRSl RRNGE

AE.AO 15.2) CPl J2
C CP112:CP fOR lHE SECOND RRNGE

AERO 15.2) CPl JL .
C CP1JL:CP fOR LJCUJO lJ1ANJUH

\. AERO 15.2) KlI
C Kl1,CONOUC1JVJ1Y FOA lHE FJRSl RANGE

AEAO 15.21 K12
C K12:CONOUC1JVJ1Y FOR lHE SECOND RRNGE

AEAO 15.2) Kl JL
C K1JL:CONOUC1JVJ1Y FOR lHE LJCUJO lJ1RNJUH

AERO 15.2) DLX
C • OISlANCE BElWEEN NOORL POJN1S

AERO 15.2) CPFE
C CPfE:CP fOR JAON

AERO 15.2) KFE
C KFE:CONOUC1JVJ1Y FOR JRON

AEAO 15.21 OEAO
C OEAO:OENSJ1Y Of lJ1ANJ~H

.~
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/

C

C

C

C

C

C

C
C
C

...;JC
C

RERO 15,21 OEFE
OEFE:OENSITY OF IRON

RERO 15,21 B
RERO 15,21 CGEN
RERO 15,21 LHFE

LHFE:LRTENT HERT BF IRON
AERO 15,21 LHT l'

LHTI:LRTENT HEAT BF TITANJUH
AERO 15,21 LHTR

LHTR:LRTENT HERT BF TARNSFBRHATJON
AEAO 15,31 Il

COUNTEA FBR BUT PUT
REAO 15,21 SPH

SPH:SUPEAHEAT
AEAO 15,21 R

R:RESISTANCE
REAO 15,21 1AE
REAOIS,3lLL ­
REAO 15,21 ORT
AEROIS,21 CGI
AERO 15,31 NUHBER
AERO 15,31 LRST

SECT ION 2 ---
CALCULATIONS BF OJFFERENT ~ VALUES
AND INJTIAL CONOJTJONS

OTTR~LHTR/CPl J 1
JJ \(;: a
011LH~LH1J/CPlI2

'OlT FE'LHF EI.CP FE
OLX22~OLX~~2., 0
CPFEE~CPFE~OLX22

MT 1l~ IKT \ ~OLTli IOEAO~CPlJ \~OLX22l
MT J27 IKT2~OL T1/IOERO~CPl i2~OLX22l
MT JL~ IKT JL~OL Tl ;'IOEAO~CPlJL~OLX221
MFE~ IKFE~OLT)'/IOEFE~CPFEEl

• MF ET 1i ~ 12~KFE ~KT \ ~OLX~OLTl 1 1IK FE~{)L X'2. ~A~KFE~Kll'KT\ ~OLXl ~
ICPFEE~OEFE1

KF'ET J \~ I2~KFE~Kll~OLX) 1 IKFE~OLX'2, ~R~KFE~KTI 'KT I~OLX)

KFET J2, 12~J*E~KT2~ DL Xl 1 IKF E~OL X'2. ~R.KFE.KT2'KT2~OLXl
MFET2R~ I2~KF E~KT2~OLX~OL Tl 1 1IKF E~OLX'2, ~A~KFE~KT2'KT2.0LXl •
JCPFEE~OEFE1 ..-
MFET2~ 12, O~KFE~KT2~OL Tl/IIKFE'KT21 ~CPFEE~OEFE1

HFETL~ I2~KFE~KTJL~OLT1/1IKFE'KT ILl ~CPFi:E~OEFEl
Mll2, I2~KTl~KT2~OLTl/llKTl .KT2l .CPl J\~OEAO~OLX221

"""MT21~ 12, O~KT2~KTl~OL Tl 1 IIKT! 'KT21 ~CPT 12~OEAO.Op221

HT 1FEA~ 12~KTl .KFE~OLXl ~ DL Til IKT! ~OLX'2 , O.A~KF E~KT!'K FE~
lOLX1~CPTII~OEAO~OLX221

HT2FEA, I2~KT2~KFE.. OLXl .. OLT 1 IIKT2~OLX'2, O~A.KFE~KT2'KFE ..
lOLXl ..CPTJ2~OEAO.. OLX221
HT2FE~ I2 ..KT2~KFE.. OLTl IIIKT2.KFEl .CPT 12.. 0EAO~OLX221
HTLFE, 12. O~KT JL~KFE~OLTl IIIKT IL 'KFEl ~CPT JL.OEAO.OLX221
MT2L~ 12, O.KT2..KT IL.OL T1/1IKT2'KT III ~CPT 12.0EAO.OLX221
MTl L~ 12, O.KTl.KT JL.oql/0·.IKTl 'KT III ~CPl 1I.OEAO.OLX22l
MTL2~ 12, o~KT2~KT JL .. OL Tl IIIKT2'KT Jll ~CPl IL~OEAO~OLX221
HT L 1~ 12, O~Kll ~KT JL ~OL111 1IKll'KT Jll.~CPl JL.O EA O.. OL X221
CMTII~OLT/ICP1II .. OEROl
CHT J2~OL TI ICPl 12~OER01
CHT !l,OLTI ICPl IL~OEAO)
SHTII~CH11\/OLX22

SH1J2~aHT12/0LX22

SH1IL~aH1IL/OLX22

WAI1E 16,341 IINOEX IJJ) .JJ~\.201

229



i, 34

35

36

37

38

3S

40

4\

42 '

43

45

46

47

48

4S

50

5\

52

53

54

55

56

57

5B

5S

60

61 .

62

63

64

65

,.

fORHAll'l '.II.IX,20A41
WRllE 16. 351LO
fORHAlI3X, 'NUHBER Ù NODAL POIN1S ".151
WAllE 16.361 11EA
fOAHAlI3X. 'NUHBEA Of llEAA1IONS ·~'.181

WA n E 16.371 Ol l
fOAHAlI3X.'OL1,' •.FID.41
WAll E 16.381 COUL
fOAHAlI3X."BA1H COULING AAH '-'.FI2.41
WAI1E 16.3S1LENG1H .
fOAHAl 13X. 'OLI NOEA LENG1H ~'. FI2 .41
WAllE 16.401 llA
fOAHAlI3X~'INllIAL lEHPEAA1UAE Of lHE OLlNOEA '=',F12.41
WAllE 16.411 HPfE
fOAHAlI3X. '9lEEL HELlING POINl ='.fI2.41
WAllE 16.4211A '
f OAHAl 13X. '1 AA NSf OAHAlI 0 N lEHP EAA1UAE ~'. F·12. 41
WAllE 16. 4311L
FOAHAlI3X. 'lllANIUH HELlING POINl =',F12.41
WAllE16.441CP111 '
fORHAlI3X. 'CP FOA lHE FIASl AANGE = ".FI2.41
WAllE 16.451 CPlI2
FOAHAlI3X. 'CP fOA lHE 9ECOND AANGE ~ '. F\2.41
WAllE 16.461 CPl IL
fORHAlI3X. 'CP fOA lH,E L10U10 l11ANIUH ~'.F\2.41 \
WAllE 16.471Kll
FOAHAlI3X, ''lHEAHAL CONDUC1IVllY FOA lHE FIASl AANGE ='.FI2.41
WAllE 16.481 K12
FOAHAlI3X. 'lHEAHAL CONOUClIVIH FOA lHE SECOND AANGE =~.F12.4) ,
WAllE 16.4S1K1IL ...
FOAHAlI3X. 'lHEAHAL CONOUCl IVllY FOA lHE L1oUIO 11 ~'. F\2. 41
WAllE 16,501 OLX
fOAHAlI3X. 'NOOAL PO'IN1S 0151ANCE =',F\2.41
WAll E 16.511 CPFE
FOAHAl 13X, 'CP FOA IAON ~'. F\ 2.41
WAI1E 16.521KFE
fOAHAlI3X.'lHEAHAL CONOUcl'IVIH FOA 'IAON ~',F\2.41
WAllE 16.531 OEAO '
FOAHAlI3X. 'lllANIUH DENSIH ~'.F\2.4)

WAllE 16.541 DEFE
FOAHAlI3X. 'IAON DENSIH ~',F12.41

WAllE 16.5518
FOAHAlI3X.' 8·~'.FI2.41
WAllE 16,561 OGEN ' ..
fOAHAlI3X.' HEAl GENEAAlINON ~',F\2.51
WAllE 16.571LHFE
FOAHAlI3X. 'LAlENl HEAl Of IAON ~'.FI2.41

WAllE 16.581LHlI
FOAHAlI3X. 'LAlENl HEAl Of l11ANIUH ~',F12.41

WAllE 16.5S1LH1A
fOAHAlI3X. 'LAlENl HEAl OF lAANSFOAHAlION ~'.FI2.41

WAllE 16.60111
FOAHAlI3X. 'FAEoUENO Of OU1PUl =', 16l
WAllE 16.611 SPH
FOAHAlI3X. '91EEL BA1H 9UPEAHEAl ~ ',F12.41
WAllE 16.621 A
FOAHAlI3X. 'AESIS1ANCE ~'.F\2.41

WA Il E 16. 63lTAE
fOAHAlI3X. 'AEAClION SlAA1ING POINl ~',F\2.41

WAllE 16.641HlI\
f OAHAl 13X. ' H1I \ ~',F \ 2.4)
WAllE 16.651 HJ 12
FOAHAlI3X.' Hll2 ".F\2.41
WAllE 16. 661 Hl IL
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,. 66

~
61

6B

BS

10

II

12

13

14

15

16

11

lB

lS

BO

BI

B2

B3

B4

BS

BS

Bl •

BB

BSOO

BS\O

BS20

BS30

C

C

.]
1

fnAHAlI3X, , H1JL -~12j~41
~AJlE IS,SlIHfE
fnAHAl 13X, ' Hf[ =' ,f12, 41
~AJlE IS, BBI HFEl II
fnAHAlI3X, , HFn"l\ =',fI2,4J
~AJlE IS, SSI HFEl2A
FnAHAlI3X, , HFEl2A =',f12,41
~AllE IS,101HFEl2
f nAHAl 13X, ' HF El2 =',f 12,41
~AllE lB, 111 HFElL
FnAHAlI3X, , HFE1L =',F\2,41
~AllE IB,121H1l2
'f nAHAl 13X,' H1l2 =',f \ 2,41
~AJlE lB, 131 H121
FnAHAlI3X,' H121 =',FI2,41
~AJlE lB, 141 HllFEA
FnAHAlI3X, , HllFEA =',F\2,41
,~Al1E{S,lSlH12FE

FnAHAlI3X, , H12FE =',F12,41
~AllE IB,lSlH1LFE
fnAHAlI3X,' H1LFE = ',F12,4J
~AJlE lB, 111 H12L
fnAHAlI3X, , H12L =',F\2,41
~AJlE IS.1B1 H1L2

'fnAHA1.13X,' H1L2 =.',f\2,41
~AJlE IS, lS1 SHlll
fnAHAlI3X,' SH1JI =',FI2,41
~AJlE IS, BOl SHl 12
f nAHAl 13X, ' SHl 12 =', F12,41
~AJlE lB. Bll SHl JL
f nAHAl 13X ,,' SHl 1L =', F12.41
~AJlE lB, B21 QHll 1
FnAHAl 13X,' QHl J1 =',fI2, 41
~AJlE IS,B31 QHl12
fnAHA1'13X, , QHl12 =',f12,41
~AJlEI6.B41 QHJJL
f nAHAl 13X, ' QHl 1L =','F 12,41
~AJlE lB. BS1 LL
FnAHAl 13X. ' LL =,' .131
~AllEIB,BS1H12FEA ,
fnAHAl 13X, 'H12FEA =' ,f12. 41
~AJlEIS,Bll Hlll
FnAHAlI3X, , Hlll =',f12,41
~AJlEIB,BB1 HllL
FnAHAlI3X.' HllL =',f12.41
~AJlE IS, BSOOJ OAl
FnAHAlIIOX, '01sSBLU1HH fAnHl HnvlHG AAlE~',f12.31

~AJlEIS,BSIOJ QGI
fnAHAlIIOX, 'fAEE 01SSBLU1JnH HEAl GEHEMllnH AAlE='.F12.3J
~AJlE IS, BS201 HUHBEA
fBAHAlI\OX, 'JlEAAllnH HUHBEA ~HEAE fAEE 01sSBLUlaH'.

01 X, '91 AAl 5= ' • 1Sl
IIAJlE IS. BS30J LASl
fnAHAlIIOX. 'LASl HnoAL PB1Hl FnA JlEAAl lnHS', lS1'
N=Ln-1 .

H, HnVEABLE HnoAL PB1Hl
LI=Ln<t

LI, ~lASl HnoAL PBJHl lH lHE SlEEL ~HELL

L2~3"Ln' ,
OLXS=OLX"O,S
OLX\S~OLX"\'S

X=OLXS
HI=-lA+JlA
H2~-lL+1A
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...

,
....

SO

\00

C,

\ 0 \

C
C
C
C
C

H3=-HPFE'lTR
O~ SO J=\ ,L~
TII,J1=I1R,
H IJ, è1 =HT J \
H IJ, \) =HT J \
OTR IJl.=.jH
OTLHIJ1=~~~-r
QQ 1J1 =QHT J \
QIJI = O. 0
C~NTJ NUE
O~ \00 J=ll,Lè
H IJ, èl =HfE
QIJ)=O,O
QQIJ)=O,O
OTR IJI =H3
OTLH IJ1 =0,0
C~NTJ NUE
H IL \ , \ 1=Hf ET J \
CRLL SHT\fE

CRLL SHT l "\ J N 6ROER Ta' SET THE PR~PER H (L~, èl
N2=L~-\ '
L3=L H \
'O~ \0\ J=L3,Lè

H IJ, U =HfE
C~NH NUE
RRO= INè'O, 5) ~OLX
C~UL=C~UL~OLT

RRO\= lè,~LC-l1~OLXS

RROè=RRO \ ~~è:O
TLEN=è, 0- lè--O, 51_ ILENGTHI
CJ=O
TRR=TR-OTTR
TLL=TL-OTTLH
TffE=HPfE-OTTfE
N4=L\
HH\=4\400,0/8,3\44
HH2=CPFE/KfE
HH3=B~SB\, O~ ILENGTH~_31

HH4=O,61B044-KfE/LENGTH
HHS=0.3B_KfE
ES\6=S,I\6,
E4S=-4./S,

SECTJ~N 3 ---
CRLCULRTES NEW TEHPERRTURES
RNO THE P~SJTJ~N 6f STEEL SHELL INTERfRCE

O~ 3000 1=1.11ER
TT=J~OLT
IfIJJ1.NE.Ol G~ T~ 105
SPH=SPH-C~UL

TV=180S,IS+SPH
TVR=HH\/TV

V=O. 003BSS-EXP iTmv­
OEfE\=7.0\S-~,00 B83_SPH
PR=V~HHè
GR=SPH~ IOEFE\ __ è_H 3) IIV __è)
H\= 10, 4SUPR1_~ lES BI
H<!= Il +HU ~~ IE4S)
H4=HH4~ IPR~~0,è3)_H2

" H3';HHS~ IPR~. 1- O. \ 71) _H2
HS=H3/RRO
H=HS+H4~IGR~-0.èS)
E= iTL EN) 1 1IGR~.O. èS) ~RRO)

1
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", 233

112, 1l~111, Ilo /I-4 ...H Il,211 +4. O..H 11.21 ..111,21 +Q IlloCC III
HI~112, \1-111. \1
01A\11l ~01A III 'HI
IF Il. GE. N4) 01LH III ~01LH III +HI
AN~N-I

00 102 J,2, N
A~J-I '

1
"

C
C
C
105

1 12,1 i 1 NE~ 1EHPEAA1UAE A1 1HE FIAS1 NODAL PCIN1

C
C 1 1·2, Jl : NE~ TEHPEAATUAES FAOH THE SECCNO NCOAL PCI NT
C UNTIL THE ONE 8EFCAE LAST NODAL PCINT
C

T 12,Jl ~111 ,Jl 011- H IJ. 2) "112, O..A'1l 112. O..All
0- H IJ, Il .. 112. O..A-I) 1 12. OoAlll (',
0+ H IJ, Il .. 112. O"A-I) 1 12. 0.. A11 oT Il, J-Il -' ,
oH IJ. 21 .. 112, O.. A+Il 1 12. 0..A11 oT Il • J - Il - C IJl oC C IJl
HI'112.Jl-T/I,Jl '
01A IJl ~OTA IJl -HI
1F IJ, GE. N4l OTLH IJl ~01LH IJl -HI

102 CONTINUE
C
C 112, N-Il: NE~ TEHPEAATUAE AT THE LAST NODAL PCINT
C

:

,JFIJJl.NE.Ol CALL FAEE
IF IJJl. NE, Dl GC TC 140
AN\~ 1120N-I) /2. 0100LX.X-OLX5
AN= 112.. N-Il/2. 0100LX
VN1X, 12.. XoN .. OLX -Xo..2 , 0 - N.. DL X22- 1DL X2214.
1FIN - l. GT , L01 0C 10 114
VNI·N .. OLX22
VFE,VNIX-VNI
~FE'VFEoOEFE

~NI'VNloOEAO

AHEAN, I~FE'~NIl IVNIX
lFITII,L01.LE.TAl OC 10110
lFITII.L01.GT,TA.ANO,TII,LCl.LT,TL GC TC \12
Cp·CP1IL
KT=KTIL
GC10115
CP·CP111
KT·KTI
GO TC 115
CP,CP112
KT·KT2
GC TC 115
'KEQ,KFE
CPHEAN~CPFE

AHEAN,OEFE
KT,KFE
1FIN +l , EC, LI. AND, T Il , LCl . LE. TAl KT, KFET J 1
IF IN+\,EC.LI.ANO,T Il,LOl .GT;TA1KT=KFETJ2
GC TO 120
P·X-OLX5
KEC, IOLX'2,00Pl .. IKToKFEI IOLXoKFE-2.00A.. KT ..KFE-2,0 .. K
CPHEAN; ICPFE ..~FE-CP ..~NIl 1 I~FE-~NIl

FJAST. IHPFE-T Il. N-Il) ..ANI ..KEC .. OLTI IX..AHEAN .. CPHEAN .. VN Xl
SECONO= IT Il. N+Il-T Il, Nll .. AN ..KT .. OLTI 10LXoAHEAN.. CPHEA ..VNIX)
1 12, N. Il,1 Il. N- Il -F'JAST - SECONO-C IN' Il .. CC IN- Il
HI,112, N'Il-T 1\, N-Il
01A IN-Il =OTA IN'1l -HI
1F IN. 1 . GE. N41 01 LH 1Nt Il ,01 LH 1N'Il'HI

OX:CALCULATION CF 1HE HOVEHENT OF 1HE INTEAFACE

ll2

114

1 \ 0

120

C

'liS



i- ,

•

f.
C

\ 30 .
\32

C
\ 40

C

IN lHE I1EAA110N SlEP
IFIN r l.Gl.LOl GO 10 \30
Kl =Kll ..
IF 1111.LOl.Gl.1Al Kl=K12
P·X-OLX5
KEQ= IOLX+2. OKPl K IK1KKFE/ IOLXKKFEr2. OKAKKl KKFE+

02. OKKl KPll
GO 10 132
KEQ=KFE
OX= IMPFE-T Il. N+l1l KKEQKOL 11 IOEFEKLHHKX1-

o IHKSPHKOL11/ 10EFEKLHFEl
X, OISlANCE OF lHE SHELL INHAFACE FAOM lHE LASl NODAL POINl

X=XrOX
N3=N+1

AAO, AAOIUS OF CTLINOEA IN EVEAT I1EAA110N SlEP .
AAO= 112.KN+1l KOkXll2. rX-OLX5
NOIF=N-LASl
IF INOIFl3100.3100. \53

234

·C
C SEC110N 4----
C lHE PAOGAAM CHECKS FOA lHE POSll10N OF SlEEL SHELL
C. LIQUIO SlEEL INOEAFACE
C
153 IF IX-OLX51155.1&0.160
i55 N=N-I

-N3=N+I.
X=X+OLX
GO 10 165

160 IF IX-OLXI51165.161. \61
161 N=N+I

N3= N+1
X=X-OLX
111. N+11 = IMPFEKOLX+XKlI2. Nl l / IX+OLXl

• 01A IN+)) =11\. N+I1-MPFE
C
C SEC110N 5 --- a
C CALCULA110N OF LAHN1'HEAT OF lAANSFOAMA110N
C
165 00250 J=I.LO

IF IJ.GE.N4l GO 10' \SO
1F 101 A IJl • Gl • O. Dl GOT 0 \ 7 0
Til. Jl =OlA IJl +lA
GO 10 250

170 IF IOTA 1Jl'. Gl. OnA) GO 10 IBO
111.Jl=lA
GO 10 250

IBO T I\,J1 =TAA+01A IJl
01LH IJl =OTLH IJ1 + 1CPT 1 \ K 11 Il •J) -1 Al / CPl 121
N4=J

ISO IF 101LH IJl :Gl.0.01 GO 10 200
Til. J1 =OlLH IJ1 rlL
GO TO 250

200 lF 101LH IJl . GT. OnLHl GO TO 2\0
T Il.Jl=lL
GO 10 250

2\0 111.Jl=lLL+01LHlJl
250 CONl! NUE

JFILt.GT.N31 GO TO 270
00 260 J=L\.N3
IF 101A IJ1. Gl. O. Dl GO 10 262
T Il.Jl=OTA IJl +MPFE
GO 10 260 '

262 lF IOTA IJl. Gl. OnFEl GO TO 264
111:Jl=MPFE

.
>

.' .

-. '
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G~ T~ 260
264 T Il. Jl =1FFUOTA 1J1
260 C~N1J NUE
270 JFILL.EQ.01 G~Ta365

IFICJ.EQ.OJ CAL'L 1EHPEA
IFICf.NE.OJ CALL AEAOJ

235

f

C
C
C

~65

400

405

410

420

425

430

435

440

450

460

470

480

480'

500

5\0

SEC1J aN 6 ---
SETS PAaPEA H VALUES

JFI1II.\l .GT.TUGa Ta 400
IF 1111.11 .GT. TA.ANO. T 11.11 .LE.TU Ga Ta 420
IF 1111.11 .LE. TAl Ga Ta 425
oa 405 J=I.La
H1J.Il=HT JL
CaNTJNUE
oa 410 J=I.N2
HIJ.2i~HTJL
CaNTJNUE
CALL SHTLFE
Ga la 500
JF 11 Il.21. GT. TU H Il.21 =HT2L
J F 11 Il • 21 . GT . TA. AN 0 . T Il •21 . LE. TU H Il . 21 =HT J2
Ga Ta 430
J F 11 Il . 21 , GT . TL1 H Il . 21 =HT J2L
JF 1111.21, GT .TA.ANO. T 11.2J .LE.TUH Il.21=HTl2
J F 11 Il.21 . LE, TAl H 1\ . 21 =HT Jl-...r
Da 460 J=2.N2
JF 1111.Jl. GT. TU Ga Ta 435
JFI1II.Jl.GT.TA.ANO.TII.Jl.LE.TUGa la 4.4;~
JFI1II.Jl.LE.1A1Ga'Ta 450 .
H IJ. 21 =Hl JL
JFI1II.J-ll.Gl.1UHIJ.ll=H1JL
J F 11 Il . J-ll • Gl . lA. AN O. l Il . J-ll . LE. lU H IJ. 1) =H1L 2
JFI1II.J-ll.LE.1A1HJJ.ll=H1LI'
Ga Ta 460
JFI1II.J+Il.Gl.1UHIJ.21=H12L '
JF 1111.J+ll.Gl.1A.ANO.T II.J+Il.LE.1UH IJ.21=H1J2
J F 11 Il •J-ll . GT . lA. AN O. T Il . J-Il . LE. lU H IJ. Il =Hl J2
J F Il Il . J-ll . LE. l Al H IJ. Il =H121
Ga la 460
JF 1111.J+Il. GT. TU H IJ. 21 =HTlL
JF 1111.J+ll.Gl.1A.ANO.T II.J+ll.LE.1UH IJ.21=HTl2
IF 1111.J+ll.LE.1A1H 1J.21=H1JI
H IJ. Il =H1J 1
CaN1JNUE
IFI1II.Lal.GT.1UGa Ta 470
JFI1II.Lal .Dl.1A.ANO.T Il.Lal .LE.1UGa Ta 480
1F 11 Il. LaI. LE. l Al Ga Ta 480
CALL SH1LFE
IF 1111. N21. Gl.1U H ILa.ll =Hl JL
JFI1II.N21 .Gl.1A.ANO.111.N21 .LE.1UHILa.Il=H1L2
IF 1111. N21 .LE .1Al H ILa.ll=H1L 1
Ga Ta 500
CALL SH12FE
JF 11 Il . N21 . Gl . lA. AN O. li1 • N21 . LE. lU H IL a. Il =Hl J2
JFI1I\.N21.LE.1A1HILa.ll=H121
Ga Ta 500
CALL SHTl FE
HILa.Il=HTJI
JFIN+I.Gl.LalGa Ta 5\0

'Ga Ta 1200
JF 1111.La). GT .1U H IL \.Il =HFElL
JFI1II.LaJ .GT.TA.ANO.1Il.Lal .LE.1UHIL1.ll=HFEl2A
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.,

\200

\210

1300
\ 3 0 \

\302

2S00

2S10

3000
3\00
3 \ 0 l'

c

S·

6

1F 11 Il . Lal . LE. TAl H IL 1 . \1 ~HF ET JI
oa 1210 J~\.La

IFI111.Jl.LE.TAl OOIJl~OHTll

IF IT I1-.Jl.GT.TA.ANO.T 1\.Jl.LE.Tl1 00IJl~OHTI2

IF 1111.Jl. GT. Tl1 00 IJl ~OHT IL
CaNTl NUE
IFIJJI.EO·.Ol Ga Ta 2S00
IFIHaOII.lll.EO.01 GO Ta \300
GO Ta 2S00
\lAITE 16.\30\1 TT. 1111.Jl .J~I. N31
FaAHAT 11X.F12.4.10 rlX.Fl0.41 ./6X. 10 IIX.F\0.41,

1I6X • 10 1IX . FI 0 . 41 . 16X. 10 Il X• FI 0 . 41. 16X, 10 IlX. FI 0 . 41 •
'J/6X. 10 IIX.FIO.41 ./6X.l0 1.1X. F10.41 ./6X.l0 11X.Fl0.41.
1/6X. 10 11X.FIO·.41 ./6X.l0 IIX.FIO.41 ./6X. 10 I\X.FIO.41.
·J/6X. 10 11X.F10.41 ./6X.l0 11X,Fl0.41 ./6X. 10 IIX.F\0.41.
1I6X.\01\X.FIO.41./6X.l0 IIX.Fl0.411

WAITEI6.13021X.AAO
FaAHATI'O·. 'OISTANCE FAaH LAST NaOAL POINT~'.FIO.S.

$IOX. 'AAOIUS aF nLJNOEA~'. FIO.51
JF Il. EO. NUHBEAl 00 Ta 2S\0
GO Ta 3000
N3~La- \ .
N= N3- 1
'X~OLX15

JJ\~I

·T Il. Ul ~HPFE<SPH
caNTINUE
IIAITE 16.310\1
FDAHAT l '0 ' .2 OX. ' LAS T . TEH P E A A TUA E '1

.WA IT E lB. \ 3 01l'i T. 11 Il •Jl . J~ 1 . N31
STap'" .

ENO

SUBAaUTINE TEHPEA
AEAL~4 T 12.1851 .H.1185.21.LHTLLHTA.HTII.HTl2
AEAL~4 HFE.HFETII.HTlFEA.HT2FE.HTLFE.HT2L.HTL2.0011851·
REAL~4 OTA 11851. OTLH 11851.011851 .HFET2A.HFET2.HFETL.HTl2.HT21
REAL~4 HPFE.KT1.KT2,KTIL;KA.HT2FEA"KFE
REAL~4 HTlL.HTLI.HT1L '.',:.
1NT EGEA CI. 1Non 1201
caHHaN IPARTll OLX.OLX5.X.A.KFE~~.TRE,TT.TA.TL.H,T

CaHttaN IPAAT2I HT IfEA. HT2 FEA ,HT2F E• HT LFE. HT2L. HTl . HT2
caHHaN IPAAT31 HTIL.HFE.HTI2.HT21"HFET2A.HFETL.OEAO.AAOI
caHHaN IPAAT41 OEFE.CPFE.OHT'lt.OHTI2.0HTlL.HPFE.KTl
caHHaN IPAAT51 OLX22.KT2.KJIL.HFET2.0GEN.
caAHaN IPAAT7r LacN.CI.N3
1F 11 Il . Lal . LT •TAl KA~KT 1
IFI111.Lal.GE.TA.'ANO.Tll.La1.LT.Tl1 KA=K'T'2
IFIT Il.Lal.GT.Tl1 KA=KTIL
1FIN <1. GT . Lal .0 a Ta 5
Y~X

TPFE=HPFE
Ga Ta8
Y=OLX
TPFE=T Il. ta"ll
Fl=TPFE~KFEI IY-OLX51
F2= 11< IKA~A/OLX511~A

F3=KA~T 11.LaJ~AYOLX5

F4=KFE/IY-OLX51
F4~F4+1./A

F4=1./F.4
F5~F4/F2

F6~F3..F4/F2·
F7~Fl~F4

. (

..



237

20

2S

40

l5HEL=IFl'F61/11.-FSl
FB=F2/A
lAOO= 115HEL'F3l/F6
IFI15HEL.Gl.1AE.ANO.1AOO.Gl.1AEl G6'lO 20
GO 10 40
CJ=CJ'1
WAll E 16, 2S) 11
FOAHAll'0',1111,20X,301'.'l ,111,20X, 'lHE AEAC1JON SlAA15 Al ='

$F10.S,n, '5EC',111,20X,30 1'.'l.llll/l
HFE12A=HFET2
H12FEA=H12FE
A=O. 0
AElUAN

'ENO

/
/

C

, .01

5UBAOU1JNE SHllFE·......
AEAL.4 112.1BS) .HI1BS,21 ,LH1J,LH1A,H1Jl.H1J2
AEAL,,4 HFE.HFElJl,HllFEA,H12FE,H1LFE,H12L.H1L2,CCI1BS)
AEAL,,4 OlA 1165), OlLH 11BSl, C 11BSl .HFEl2A,HFEl2,HFElL.HlI2.H121
AEAL,,4 HPFE,H12FEA,Kll,K12.K1JL,~,KEC.KFE

REAL,,4 HllL,H1Ll.HlIL ,
INlEGER CJ,JNOEXI201 .
COHHON IPAAltl OLX.OLXS,X,A,KFE,C,lAE,ll,lR,lL,H,l
COHHON IPAA121 Hll FEA, H12F.EA, H12F E, H1LFE. H12L, Hl!. H12
COHHON IPAA131 H1JL,HFE,HlI2,H121,HFE12R.HFE1L,OEAO,AAOl
COHHON IPAA141 OEFE.CPFE,CH1Jl,CH1J2.CH1JL,HPFE,Kll
COHHON IPAA1SI OLX22,K12.K1JL.HFE12.CGEN
COHHON IPAA171 LO.N,CJ,N3
JF IN'I,Gl.LO) GO 10 lU .
GO 10 20
H ILO, 2l =HllFEA
'GO 10 100
P=X-OLXS .
KEC= 1OL X'2, O.Pl t.'.. IKl! "K FEl 10L X"KF E'2. O.A~Kl!.KFE'2. O.Kll.P) )
H ILO. 21 = ICHl J 111 IOLXS'X) ,,"2.000) 1"KEC
AElUAN
ENO

C --

~
10.0

.' .

5UBAOUllNE 5H12FE
REAL,,4 112,16S) .HI16S,21 ,LH1J,LH1A.H1Jl,HlJ2
REAL.4 HFE,HFE1Jt,Hl1FEA.H12FE,H1LFE.H12L.H1L2,CQ,tlB5)
REAL,,4 OlA 116S), OlLH 11BS), C 116S) .HFEl2A,HFEl2.HFElL.H1l2.H121
REAL,,4 HPFE,H12FER.Kll.K12,K1JL,KA,KEC.KFE
REAL,,4 H1JL,H1Ll.HlIL
INlEGEA CJ, JNOEX 1201
COHHON IPAAlll OLX,OLXS,X,A.KFE.C,lAE.ll,lR.1L,H.l
COHHON IPAR121 HllFER,H12FEÀ,H12FE.H1LFE.H12L.H11,H12
COHHON IPAA131 H1JL,HFE.HlI2.H121,HFE12R,HFE1L,OEAO.AAOl
COHHON IPAR141 OEFE,CPFE.CH1Jl,CH1J2.CH1JL,HPFE,Kll
COHHON IPAR1SI OLX22,K12,K1JL.HFE12.CGEN
COHHON IPAR171 LO,N.CJ,N3
IF IN.!. Gl.LOl . GO 10 10
GO 10 20

lO H ILO, 2) =H12FER
GO 10 100

20 P=X-OLXS
.... KE C= 1OL X'2, O"P) " IK12"KF El 1OL X.K FE'2 . 0.R.K12.KF E'2. 0.K12.P) 1

H ILO. 2) = ICHl J2I1 IOLXS'Xl ••2. 0001 1.KEC
100 AE1URN .

ENO
c

5UBROU1JNE SH1LFE
REAL,,4 112,16S) ,HllBS,21 .LH1J.LH1R',HlJl,H1J2
REAL,,4 HFE,HFE1Jl,HllFER,H12FE.H1LFE,H12L,H1L2.CCI16S1



..

.'

/
AERL~4 01A 11851 ,01LH 11851.Q 1185) ,HF 12A.HFn2',HFnL,H1I2.H121
AERL~4 HPFE.H12FEA.K11,K1ê,K1IL,KR KFE.KEQ ,
AERL~4 H1IL,H1LI,H1IL
INUGEA CI,INOnI2Dl
CCHHCN IPRA1I1 OLX.OU:5,X,A,KFE.. 1AE,n,1A,1L.H,1
CCHHCN IPRA121 H1IFEA.H12FEA,H1 FE,H1LFE.H12L,H11.H12
CCHHON IPRA131 H1IL.HFE,H112.H1 I,HFE12A,HFE1L,OERO,AROl
COHHON IPRAHI OEFE,CPFE,QH1JI,QH112,QH1IL.HPFE.KlI
CCHHON IPRA151 OLX22,K12.K1IL HFE12,QGEN
COHHCN IPRA171 LO,N,CI,N3
IFIN<i.G1,LC1 GO 16 ID
GO 16 20

10 HILC,21=H1LFE
GO 16 100

20 P=X-OLX5
KEQ= IOLX+2, 0~P1 ~ IK1 IL~KFEI IOLX~KFE+2, 0~K1 IL~Pl1

HILC, 21 = IQH1 ILlIIOLX5+Xl ~~2, 00011 ~KEQ

100 AnUAN
END

C
SU8ACU1JNE AERC11
AERL~4 112,1851 ,H 1185,21 ,LH11.LH1A,H111.HlI2
AERL~4 HFE,HFnll,H1IFEA.H12FE,H1LFE.H12L,H1L2,QOI1851
AERL~4 01A 11851, 01LH (185). Q11851-,HFE12A.HFn2.HFnL.H1I2.H121
AEAL~4 HPFE,H12FEA.K11.K12,K1IL,KA .
AERL~4 H1IL,H1LI,H1IL,KFE
INUGEA CJ.INOEX 12Dl
COHHCN IPRAll1 OLX.OLX5.X.A,KFE,Q.1AE,11.1A,1L,H,1
CCHHCN IPRR121 H11FEA,H12FEA,H12FE,H1LFE,H12L,H11,H12
CCHHCN IPRA131 H1IL,HFE,H112,H121,HFE12A,HFE1L.DERO.AROI
CCHHCN IPRA141 OEFE~PFE,QH111'QH112.QH1IL.HPFE.K11

CCHHCN IPRA151 OLX2 ,K12,K1IL,HFE12,OGEN '
COHHCN IPRA171 LO,N,CI,N3
OC ID J=I,N3
QIJ1=0.0

\0 CON11NUE
QILC) .QGEN
AnUAN
END

C
5UBAOU11NE FAEE
AERL~4112,1851,HI185,21,LH11,LH1A,H111,H112

AERL~4 HFE.HFnll.H11FEA.H12FE.H1LFE,H12L.H1L2.QQI185)
AEAL~4 01A 1185) ,01LH (185).01185) ,HFn2A.HFn2,HFnL.H1I2.H121
AERL~4 HPFE,LENG1H,11R,K11,K12,K1IL,LHFE,KFE,H1IL
AERL~4 H12FEA.H1LI,H1IL
AERL~4 K1,KEQ,KFE111.KFElI2
INHGEA' Cl. INDEX 12Dl
COHHCN IPRAll1 OLX,OLX5,X,A,KFE.Q,1AE,11,1A.1L.H,1
CCHHCN IPRA121 H1IFEA,H12FEA,H12FE,H1LFE.H12L,H11.H12
COHHCN IPRA131 H1IL.HFE,Hl12,H121.HFE12A,HFE1L,OERO,AROI
CCHHCN IPRA141 OEFE,CPFE,OH1II.QHlI2,OH1IL,HPFE,Kll
CCHHON IPRA151 OLX22.K12.K1IL.HFE12.QGEN
CCHHCN IPRA161 01A,01LH.QGI.OA1,OX,CP1II.CPlI2,CP1IL.OLl
CCHHCN IPRA171 LC.N,CI,N3
ANI= 112~N+I1I2, 01 ~OLX+X-OLX5

AN= 112~N-1112. 01 ~OLX
VNIX= 12~X~N~OLX+X~~2. 0+N~OLX22- IOLX2214. 01)12. 0
IF 1111,N+11 ,U,lA1 GO 1C ID
IFI1II,N+I1,GE.1A.ANO.lll,N+I1.LE.1LlGO 10 20

"G01C30
\0, 'CP=CP1JI

K1.KlI
GO 16 50
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20

30

50

/

CP~CPl12°

Kl~K12
G~ la 50
CP~CP1IL

KloKllL
Fto IOEAO~CP~VNIX1.

F2~aGI~ANI~OL1/Ff
F3oFI~OLX .
F4oKl~AN~ Il Il, N+\1-1 Il, Nl) ~OL l
F5 oF4/F3
112:N+\1·111, N+\1 +F2-F5
FI.112.N"\1~111.N+\1
OlA IN+\1.01A IN+\1 +FI
OlLH IN+\1.01LH IN+I) +FI
OX·-OA1«OLl
RElURN
ENO

!

"
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