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ITHAKA

-

When you set out for Ithaka

pray that your road’s a long one, .
full of ‘adventure, full of discovery.
Laistrygonians, Cyclops,

" angry Poseidon—don’t be scared of them:

you won’t find things like that on your way
as long as your thoughts are exalted,

as long as a rare excitement

stirs your spirit and your body.

~ Laistrygonians, Cyclops,

’

wild Poseidon——you won't encounter them
unless you bring them along inside you,

" "un]ess your soul raises them up in.front of you.

Pray tlmt your road’s a long one.

. May there be many a summer morning when—
‘full of g‘ramude, full of joy—r

you come into harbors seen for the first time;

* may you stop at Phoenician tradmg centers

and buy fine things,
mothier of pearl] and coral, ambcr and ebony, o

- scnsua] pcrfumes of every kmd

‘88 many scnsual perfume u cgn
may you visit numeroys Egyptmn cmes '
to fill yours with lw ing from thé wise.. -

o

Keep Ithaka a"]ways in mmd

‘Arriving there is what you're destmcd for.

But don't hurry the journey. at all.
Better if it goes on for years
80 you're old by the time you reach the island,

" wealthy with all you've gained on the way,

not expecting It.haka to. make you rich,
s

Ithaka“ gavc you the marvelous jDurl‘lcy

Without"her you wouldn’t ‘have ‘set out.

Shc hasn’t nnythmg else to glvc

And if you find her poor, lthnka won’t have fooled you.
Wise as you'll have.become, and so experienced,
you'll have understood by then what an Ithaka means.

C. P. Cavafy ' (1863-1933)
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ABSTRACT

The kinetiés-of dissolution of titanium and vanadium
in iiquid steel ﬁaé been studied. Two periods_were distinguished;"
the steel shéli pefiéd'ahd the free dissolugipn period.

In the cqsedof‘titahiﬁm, it is shown tﬁat,the bqsfﬁmary
frozen shell of'stéel encases the éyliﬁder following its

w

initial immersion. ' Premature internal dissoclution then begins

as a result of liquid éutectic of Fe, 5 Tiy 4 ;omposition
forming ét}the innef steel shell boundary. This phenomenon
triggers an'exothe;mic-dissolutibn and erosion of the inner
steel shell. The net result is considerable éhortened shell
melting'times. During the free'disgoiutipn pefiod, the tem-
pefature of the titaﬁium disso}vingiat the interface increases
and thé diséoluéion pracéss becomes self—accelerat%ngi

‘During the“sﬁéel shell period with pure vanadium and

ferrovanadium alloys, no reaction was gbserved between the

_ sfeel shell and vanadium. For low grade ferrovanadium alloys,

the dissolution proceeds via a heat transfer mechanism. On

the other hand, for high grades, ferrovanadium mass transfer

mechanisms dominate.

A simplified mathematical model of the process has been
s ) -‘f - . e . ‘
developed to describe the coupled heat and mass transfer

phenoména involved in the\géiious systems studied.

\\‘tﬂ
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RESUME,_

La cin&tique de'dissélution duﬁtitane et du vanadium
dans l'acier liquide a été étudlée Il a été distingué deux
périodes: 1la pérlode de la coquille d ac1er et la période

de la dlssolutlon llbre

S e - L _
Dans le cas du tltane il a 8té montr& que 1'habituelle

*

| Cqullle d'acier solidifée enfermé‘leféyliﬁdre immédiatement

aprés son lmmer51on Une dissolutlon prematuree de la partie

-

{;ﬁerne se produ1t consécutlve 3 la formation “d'un lqulde

eutecthue de comR051t10n Feo 3 Ti0 7 sur la face. interne de

la cogquille 4° aCLQr. Ce phénoméne déclenche une dissolution

e L

exothermique et ﬁﬁé,ér051on de l'int&rieur de la coquille
d'acier. Il en ré&sulte des temps de dissolution de ia coquillé
considérablement plus court. Pendant la période de dissolution

libre la tempé&rature du titane se dissolvant a l'interface |

s'accroit et le processus de dissolution devient auto—accéléfé

Pendant la période de la coqullle d'acier avec du vanadldm-
pur et des,alllages de ferro—vanadlum ‘il n'a été observé
aucune réactlon entre la. coquille d'acier et le vanadium.
Pour des alllages de ferro vanadlum falblement alllés, 1la
dissolution’ passe par un mécanlsme de transfert de chaleur.

L

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

alli&, le m&canisme de transfert de masse prédoriliie.

"



Un mod&le math&matique simplifi& du processus a &té&
développé permettant de décrire simultan&ment le phénoméne

de transfert de masse et de chaleur concernant les divers

syst@mes &tudiés.

'
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CHAPTER 1

1

’ INTRODUCTION -

- i

1.1 PRELIMINARY REMARKS

In recent years, thé process of steel alloy deveiopﬁenf
has greatly benefited from ‘the lérge amount of research
carried out in that area. This research ﬁas led to a much
improved appreciation of the relatipnship betﬁeen micro-
structure and mechanical properties, so tha; new alloy steels

can now be developed on the basis 0f 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 soluticn
rates and solutioh 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
éome element other than carbon are called alloy steels.
Although mangahese'and silicon are inclﬁded in all plain
carbén steels, they are not classified as alloy steels since
the principal function of dissolved manganese and silicon is

to act as deoxidizers.
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I» There are many reasons for the .addition of alloying °
- elements into liquid steel. Some of tHe most important are
:\;& T to: '

1) improve streﬂgth at ordinary teﬁperatures;
2) improve mgchanical properties é; either high‘or.
low ﬁemperatures;

3) increase hardenability;
4) improve toughness at any- minimum hardness of
- strength; Cia
5) increase corrosion resistance;

6) increase wear resistance;

7) improve magnetic éroperties. a

. In the present study, the dissoclution of titanium and

vanadium in ligquid steel was investigated. Spme of the effects g

of titanium in alloy steels are that it:

| 1) reduces martensitig hardness and hardenability in

medium-chromium stiels;

2) prevents formation of austenite in high-chromium
steels; '

3) preventé localized de@letion ©f chromium in stain-
less steel during long heating..

Vanadium is the most expensive of the common alloying

elements. Some of the effects of vanadium in alloy steels

are that it:



: od . . . _
‘experimenfal method presently used involved the measurement

» ~

l) elevates coaréening temperature of austenite
{promotes fine grainlstructure): -

2) increases hardgnabil;ty kwhén dissolved};

‘3). resists tempering and caﬁses marked sedondary o
hardening; - L ‘ ‘

4) promotes carbide formation.

1.3 PRESENT WORK ‘ :
The présent work is concerned with a study of the dis-

solution oggtitaniﬁm and vanadium in liquid steel. The
rs 47 '

of dissolution rates of cylindrical-shaped speéimens immersed
in stagnéﬁt-steel baths. .

The dissolution behaviour of.these objects was carefﬁlly
monitored through continuous measurement of various physical
parameters. These comprisedf

1) éhe appérent weight of the specimen;

2) temperatures of the specimen at various positioﬁs;

3) the temperature of the steel bath.

For some specimens measurement of the steel-shell thick-
nesses were also taken. A mathematical mbdél was devgloped

to prédict the rate of dissolution of titanium and vanadium

in liquid steel.

A
1
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CHAPTER 2

 PREVIOUS WORK

’
L)

In this chapter, previous Qork reported in thé literature
concern%ng studies of dissélutioﬁ'kinetics'in %iquid ifoﬁ and
iron—carbon_allqys is reviewed."A discussion of the ghermo-
pgysiqal and transpéft propertiea@qf iron and ldw_carqpn iron
alloys is also included with respect to thefmodynamié data and

‘phase diagrams relevant to this study.

-

2.1 GENERAL CONSIDERATIONS
The solution of a solid in a liquid éepresents a classi-
cal exémple of a heterogeneous process. Eithough most such
précésses involve é rather complex set ofjindividual reaction
steps, there are certqin elementéfy aspects which are common
- to a wide range of reactions.
The transfer of material frém a solid to liquid can be
Acharactgf%zéd as ﬁelting or as dissclution. The first occurs
by application of heit, while the latter happens when tﬁé
solid material comes in contact with the lkquid at temperatures \L,J.
- below the melting point of the‘solidi The dissolution process -
may'be.broken inté two consecutive steps. The first»is the
surface reaction where thé solid goes th%ough.a'phasé change
to the‘liquid: The second is the transport of the .resulting
solqte atoms from the interface into the bulk liguid by dif-

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

-

LS



controiling iﬁ thé~dissolutiqn process.
’ Additions in liquid steel can be classified,intb two
categories. The first are *those with a melting range lower
 than that of-liquid steel. Table 2.1 gives a list of such
" additions. Thé second category of add;tions are.those‘with

g 3

‘gelting ranges higher than that of liquid steel. Examples of
some of these additiefafﬁfe3&i?ted in Table ?.2. Figure 2.1,
éhows, in schématic form, the relevant thermophysical phenomena
. which take place when a solid addition is immersed in a’ bath
thmolten steel. The first fotr routes refer to low melting
rangevaaditiOns while.the fifth one dépicts the case of dis-
soiﬁtion of high Feltinq pgint:additioné. Routes 1, 2, 3 apd

S are analyzed in a work by Guﬁhfie45, while route 4 is pre:
sented in éreat deta}l by the présent author_and éut;rie in

references 46,47. % .
&

2.2 -DISSOLUTION IN LIQUID IRON ALLOYS

Extensive studies on the kinetics of di;solutibn of éolid
materials in“liqﬁid iron—cérbon melts haﬁe been conducted‘évef ~
the past twenty—five years. The great majority ofuéﬁesg
éxperiments we;e.doqe in either high carbon iron alloy melts
or carbon saturated ;ron alloy melts. Far'fewer'eiperiments

have been conducted in low carbon and relative pure iron

alloy melts.
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Routes 1, 2, 3 refer to low melting rande additions. Route 4

. * ' 7 .
corresponds to additions which exhibit exothermic reaction

with liquid steel. Route 5 refers to high melting range

additions.

Route 1

Route 2

Route 3

Route 4

Route 5

(1C) internal melting to begin and in many cases to
be completed (1D) before the enclosing shell melts
back. Typical examples. Fe-Mn, SiMn, Al, at low
steel bath superheats.

Shows the case of an addition which after freezing
the customary chill layer around it is reexposed

to the bath before comp;ete internal melting has
occurred (2C). Conditions favoring such behaviour,
high superheats (80-100°C) largé diameters and alloys
with low thermal conductivities.

Once the solid is réexposed (3C), it is quite
possible fof aﬁother.shell of Qteel (or series of
shells), (3D), to form.

Exotqermic reaction starts at (3B) and steel shell
melts back véry fast, typical examples, -Fe—-Si where
(3C) and (3D) are very short.

Typical examples, Fe-V, Fe~Mo, Fe-W.



TABLE 2.1

Additions with Melting Range Lower than the

Liguid Steel Melting Point

Addition

Standard Ferromanganese
50% Ferrosilicon

Low Carbon Silicomanganese
75% Ferrosilicon |
Aluminum

Charge Chrome 50-55% Cr

Melting Range
0of Melting Point

1071-1266°C
1210-1227°C
1215-1260°C
1204-1316°C
660°C

1404-1482°C

(1344-1539
(1483-1500
(1488-1533
(1474-1589

(993 K)

(1677-1755

)

K)
K)
K)

K)

K)
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TABLE 2.2

- Additions with Melting Range Higher than

Ligquid Steel Melting Point

Addition
Vanadium
Titanium
Niobium
Molybdenum
Tungsten
FeMo (62% Mo)
Few (74% W)
FeNb 60% Nb

Fev (80% V)

*Melting Range
Melting Temperature

l902°é
lee7°C
2467°C
2615°C
3400°C

1800%1540°C

2700-1640°C

1670-1890°C

(2175 K)
(1840 K)
(2740 X)
(2888 K)
(3673 K)
(2073-1813 K)
{2973-1913 K)

&

(1943-2163 K)



‘Table 2.3 lists‘mefallic systems of solids dissolving

in iron based melts for which experimental data have been
‘ reported. These expefiments have been classified according
to experimental mode and geometry. The experimental mode can
be classified into two subgroups; static and dynamic. In the
static method, the solid.specimens were held motionless in ¢
liquid and natural convection influenced the dissolution rate.
In the dynamic method, specimens were rotated so that forced
convection affected their rate of dissolution. Most of the
experiments reported used cyiindrical or disk shaped specimens.
Two exceptions are:

1) Biletskii and ShumikhimlO studied the diésolution of
spherical graphite particles in cast iron melt;

2} Niwa et al.18 also used an alumina crucible to(;gpdy
the reaction of the alumina with carbon dissolved in molten
iron. The crucibles used were either alumina or graphite
apart from a few exceptions where magnesia crﬁéibles were used.

The dissolution in liquid iron alloys was reported to .
be a diffusion rate controlled process under most conditions.
An exception is the one reported by Karchin and Grigoryén6 who
observed that the dissolution rate of py?ographite in an iron-
carbon melt was anisotropic with fespect to different crystal-
lographic faces at high rotational speeds. They found that
the solution interface reaction of graphite became the control-

ling step at high stirring rates.
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Digsolution Experiments in Liquid Iren Alloys

TABLE£?13

Liquid Solid , Specimen Mode Reference
Fe—C ' Graphite Cylindgr Static 1
Fe—C Graphite Cylinder Static 2
Fe-C Graphite Cylinder Static and Rotating 3
Fe-C ~ Graphite Cylinder Rotating 4 l
Fe—Mn Graphite Static 5
Fe-C +  Graphite Rotating 6
Pig Iron Graphite bBisk Static 7
Fe—C Graphite Disk Rotating 8
Fe—-Ni Graphite Disk Rotating 8
Fe-P Graphite Disk Rotating 8
Fe—51i Graphite Rotating é
Fe-C c 9
Cast Iron Graphite -Spherical 10
Fe~C Graphite 11
Fe—C Si-C 11
Fe-C c "12
Fe-C Co Disk Rotéting 13
Fe-C Cr - Disk Rotating 13
Fe—C Mo Disk Rotating 13
Fe—C Ni Disk Rotating 13
Fe-C Si Disk _Rotating 13
Fe—C . Ti Disk Rotating 13
Fe-C W Disk Rotating 13
Fe—csat Cr Disk Rotating 14,
Fe~C_ . CrC Disk Rotating 14
Fe-—-CBat ~ Fe Disk Rotating 14
Fe—_CBat Mo Disk Rotating 14

...cont,.

10
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TAELE 2.3 cbqtinued

Liquid Solid ‘Specimen Mode Reference
Fe-C W Disk Rotating 14
.~ sat |
Fe-C we . Disk Rotating 14
sat
Gray Iron Sic Cylinder Rotating 15
Pig Iron C-Steel ‘Cylinder Rotating and Static 16
Fe—Csat Fe Cylinder-  Rotating 17
Fe—C Al O Crucible Static 18
sat 273
Fe-C _ C-Steel Cylinder Static 19
Fe- C-Steel Cylinder Rotating and Static 20
Fe-C Cu-Mg Static 21
Fe-C C-Steel Cylinder Static and Rotating €522
Fe—-C-$ Ce Static 23
Fe-C-Si Ce Static 23
FeO—Fe203 Fe Cylinder Rotating 24
Fe-C Mg-Alloy Static 25
Fe-CBat A1203 Cylinder Statlc‘and Rotatlng- 26
Fe-C Fe 27
Fe-N BN Disk Static 28
sat
Fe-B BN Disk Static 28
Fe—CSat CaC2 Cylinder Rotatxgg_ 29
Pig Iron C-Steel Cylinder Static 30
Pig Iron C-Steel Cylinder Static 31
Fe—-C Fe Cylinder Static and Rotating 32
Fe—Csat Mo Cylinder Rotating. . 3
Fe-5S Fe Rotating 34
Fe-Cu . Fe Cylinder Rotating 35
Fe-C Nb 36
-/"Fe_ceutect Mo Cyllndgr Static 37
Cast Iron Si Disk - Rotating - 38
Cast Iron Ti Disk Rotating 38
Cast Iron Cr Disk Rotating 38

...cont.
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TABLE 2.3 continued

.

Liquid Solid Specimen Mode IR . "~ Reference
Cast Ifon Co . Disk Rotating 38
Cast Iromn Ni Disk Rotating . 38
Cast Iron Mo Disk ' Rotating 38
Cast Iron W Disk ) Rotating 38

- \



Various additions relevant to steelmaking practices
séudied for dissolution kinetics in iow carbon ;ron—based
melts are listed in Table 2.4. 1In all cases and immedigtely
following immersion a solid stéel'shell solidifies around the
,addition. The precise manner under which the steel shéll
béﬁaves (i.e. freezing or melting) is ﬁery 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.r For the dissolution of 50% ferro-silicon in
iiquid steel, a 'double heat effect' is applied-to the steel
shell such that the dissolution reacfion-becoﬁes self-
accelerating.46’47

Krupman and Yavoiskii>’ investigated the dissolution of
molybdenum in Armco Iron. They distinguished two periods in
the digsolution process. The first_co;requnded.to the
'"thermal' period where a‘solid shell‘freezés around the
molybdenum. The second was the 'diffusién' period which began
after the temperature had équéliéed between the bulk liquid
steel and the molybdenum specimenf _Théy proposed the follow-
ing relatioﬁship for the dependence of mass transfer coeffi-

cients on temperature:

log K = - + 4.87 . .

K: cm s

T: °K ' 7=



DISSOLUTION EXPERIMENTS IN PURE LIQUID IRON OR LOW CARBON'LIQﬁiD IRON ALLOYS

TABLE 2.4

14

©
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 ~ Rotating 38
FeW (74% W) Disk Rotating 38
'FeNb (60Z Nb) -  Disk Rotating 38
Mo Cylinder Static and Vibraging‘ 37
Mo Cylinder Static and Rotating 39
W Cylinder Static and Rotating 39
Fe—Mn Cylinder Static 40
Cr-Mn Cylirder Static 40
Fe-Cr Cylinder Static 40
Fe-Mn Lumps with Isotopes Static 41
Si-Mn Lumps with Isotopes Static 41
TiN Rotating 42
Ferro-alloys 43
Fe—Mn Cylinder Static ' 44
Si-Mn dylinder Statie 44
Fe-5i Cylinder Static 44°
Fe-Mn . Cylinder aﬁd Sphere Statie 45
Si-Mn Cylinder and Sphere Static 45
Fe-Si (50%) Cylinder Static 46
Fe-Si (50%) Cylinder Statie 47
- Al Sphere i Static 48
Al Cylinder Rotating 49
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Based on their data, an activation'énergy for the
solution of moiybdenum in'liquid iron was éalculqﬁed and
shown to be at 273 kJd/mole or (65.1 kcal/mole). They explained
this surprisingly high value of activation eneréy on the basis
of liquid phase diffusiqn. However, recent Q?rk by Ershoy

eé al.59 and Ono et al.51

has shown that the activation energy.
for the diffusion of molybdenuﬁ in ligquid iron is only in the
order of 59 kJ/mole (14.5 kcal/mole). Consequently their

explanation based on a liquid phase diffusioh controlled Bro-

cess must be regarded with some doubt. An attempt will be

.

made by the present author to provide another explanation for

their activation energy results in Chapter 6.

SQentarin and Shurygin38 studied the dissolution rates
of Ti, Cr, Mo, W and FeNb, FeMo, FeW in molten pure ifon. )
They used a disk of metal rotating.in liéuid iron. They found -
that the dissolution rates in pure irog increases in the order

of Mo-W-Cr-Ti and among the ferro—allbys (FeNb, 60% Nb)-_

(FeMo, 62% Mo} ~ (FeW, 74% W). They, did not provide 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

recent work by Ershov et al.50

Bunéardt et al.39

studied the dissolution of molybdenum
and tungsten in liquid steel under conditions of free and
forced convection respectively. In the case of forced

convection, they used rotation of their cylinders as well as



TABLE 2.5

Experimental Results from Brandis et al.®

v§\\\Dissolution Rate Mass Transfer
© (mol/m? +s) Coefficient
Ny
\ﬂ\\\a ' Gas Flow T .
ee 50, Rate Free Convection
Convection (RPMS 14 1it Ar/h o m/s

0.833 2.0 3.3 19x107
5

0.325 0.66 0.675 . 1.82 x 10
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¥
flow o% Argon gas throﬁgﬁ?the iron bhath at a rate of
.(3.8 x lO'-6 m*/s). Their ‘results are summarized in Tabla
2.5. They found that the dissolutién rate of molybdenum _
was higher than that of tungsten at 1863 K (1590°C) and that
the.mass transfer coefficients were abbut the same. At \\h,,r-
temperatures belaw 1310 K (1637°C) the reaétion of‘tungstén
ﬁifh ligﬁid iron resulted in the intermetal;ic combination
Fe7W6 whose structure éérmgﬁnad(no conclusion as\ﬁo prefef:ed
diffusibility of the constituent elements.

Terziyan4l_studied the dissoiution kinetics of ferro-
alloys in steel ladlea. He labelled the alleys with radio-
iSOtOpeS, immersed them ln lquld steel for specific tlmes
and measured the loss in welght of the alloy and the radio-
activity of metal samples from the ladle. The experiments
were carrled out in both quiescent and intensively stlrred.
11quid steel baths Data on the kinetlcs and mechanisms of
.dissolution of ferromanganese and sllicomanganese were pro-
cessed statisticaily. Regresséﬁn equations were formulated
for the time of dissolution as a function of lump size and

metal temperature in relatively quiescent metal baths.. They

obtained:

T = 100 + 27.75+%. - 17.25+%. + 2-%2 + 2+%2

p 1 2 1 2
.- 5.25 RS - ; (2-1)\
T =63 + 2.5x, - 12.5-x., + 2.7-x% + 1.4-x%2
P . 1 2

1 : 2

- 2.5 - xl" X, ‘ (2.2)



where Tp: duration of solution (sec)

Xy3 parameter characterizing the diameter of the

sample d(mm)'xl = (d-50)/10
X5: parameter charactérizing the temperature of ™
' /
the metal t°C X, =. (t=50)/15.

Equation 2.1 gives the solution time for ferromanganese
while equation 2.2 gives the solution time for éiliCOmangan-
ese. Terziyan-claimed tPap ﬁhese equaE}ons wére determined
.with a sufficiéht degree of accuracy for p?edictiﬁg.solution

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

18

diameter at bath temperatures'ranging.between 1560 and 1650°C

»

(1833 to 1923 K).

In 1974, Gourtsoyan;is et al.48 developed a mathematical
model pfedictipg the melting history bf.aluminﬁm sPhe;es
immersed suddenly into liquid steel. . Their quel predicted‘
the formation of a solid shell gf steel which rapidly froze
around _the aluminum sphefe during the first seconds of immer-
sion. The mQdel also demonstrated how bariial melting‘of the
object can begin while still encased within the steel shell.
It ﬁas shown that tﬁe'enclosed object would continue to melt
at a rate which depended on a) the rate of evolution of
latent heat as the steel shell solidi?gés and b) the rafer
of convective heat transfer from the bath to the ouﬁer surface
of the steel shell.

In previous work, the present author conducted a series '

of experiments to® study the melting characteristics of ferrog
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'manganesé and silicomanganese cylinde®s in molten. steel Baths.

A détailed acéount of this work is given in Ref. 44. Briefly,
a heat transfer model simulating, the thermal events which
occur when férrqmanganese and-silicomanganese-cylinders are
immersed in molten baths was deﬁeloped. Thé experimental

results were found to be in substantial agreement with model

1

'predictions. The steel bath cboling'rate and superheat were

shown to be significant factors on solution kinetics of these

)

alloys, while steel bath wviscosity had no significant effect.

Figure 2.2 shows a cross-section of a ferroménganese cylinder
(3.81'cm diameter) following immersibn for a 30 second period

in a steel bath whose initial superheat was 30°C.

The meodification of dissolution kineties by the high

" exothermic heat of dissolution to molten steel was also studied,

46,47 To this end, the

by the present author and Guthrie.
kineticé of‘dissdiu£10n of “solid cylinders of 50 wt% ferro-
silicon.in ligquid steel were.chqgen.. It was shown that the
cusfomary frozen shell of sEeel‘formed around the ferro-
silicon cylinder following it; initial immersion. Premature .
internal melting of the cylinder then began aé a result of
liquid eutectic of FeZSi compos%ton forming at the inner éteel
ghell/ferrosilicon bouﬁééry.‘ This phenomenon was shown to
trigger éxothermic dissolution and erosign of Ehe steel shel;
at the inner surkace. 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 reéult of exothermic dissolution phenomena is
that considerably shortened shell dissolution timeé can be
obéerved in comparison to more conventional ferro-alloy/
steel sygtems. |

A simplified mathematical model of the process was
developed and Figure 2.3 gives a schematic representation of
the 'double heat effect' which is imposed on the frozén steél
shell. |

Povolotskii et al.>® investigated the diffusion of
deoxidants such as Al, Si, Mn in molten ifon'using the capillary

method. The diffusion coefficients, D, and energies of
activation, E, for diffusion o; the deoxidants in iron con-
taining various amounts of carbon were determined. They found
that in the<;a§e of separate diffusion in ; melt containing
oxygen, the higher the deoxidizing capacity of the element,
the greater was the activation energy of diffusion. Thus,
with diffusjion in an iron containing 0.003-0.010% o¥ggen, the
energy of activation of aluminum, silicon and manganese is
145.7 kJ (34.7 kcal), 121.8 kJ (29 kcal), 101.2 kJ (24«%\kpal).
In more recent work, l\fh.w.cciardizi'9 has studied light alloy
addition techniques in steelﬁaking. .Aluminum‘wirés of 6.4
to 15.9 mm in diameter were fed into steel melts while their .
‘apparent' weights were monitored. It wa; found that the
maximum%depth\of penetration of an‘aluminum wire fed into

molten steel can be expressed in the dimensional eguation: =

N’ ' 1

‘
% . h
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Flgure 2.3 Schematlc, representation of the 'double heat effect Whlch
is imposed on the frozen wteel shell.
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’ . 0.86 52
Depth (m) = 145.5 Diameter (m) . Velocity(m/s)

Superheat (k) °- 34 ' (2.4)

J

2.3 THERMOPHYSICAL AND TRANSPORT PROPERTIES OF LIQUID IRON

1

2.3.1 Phase diagram

The.irbn—carbon phase diagram shown in Figure 2.4 is
that recorded in the,Thermochemiétry for Steelmaking, Vol.
I1, by Elliot et al.52 The meltihg point of pure iron is
-reported to be at 1809 K (1536°C}). ~Iron liqguidus values at
dﬁfferént'temperatures ranging betweep 1809 K.(1536°C) and
1773 K (1500°C) tabulated by Elliot et al.>? were used to

obtain:

Top(K) = 1809.1 - 2955+ W_ - 85.

;
y
A

where Wc = weight percent of carbon

2.3.2 Density
The density of pure iron at various temperatures is

rep rted 1\\wany sources 1nc1ud1ng v Thermochemistry for

Steelmaking, Volume II, by Elliot et al.,s2 Lucas,53 Lange54

‘and in the Metals reference book by Smithels.55

L4

Smithels gives the d;hsity of liguid iron at 1809 K

(1536°C) as 7015 kg m > (7.015 gr cm °). At higher tempera-
55

. —
tures, the density of liquid iron is given by equatioﬁ‘Q<$. .

D = DO'+ (T - To)(dD/dT) ; = - (2.6)

- W (2.5)

23
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where Do is the density of liquid iron at melting paint

T, and dD/dt = - 0.887 kg/m’k C (2.7)

These values have been adopted in the present text.

2.3.3 Viscosity
Tﬁrkdoéanss'has presented data for the viscosity of
liguid iron at its melting point.  The value gquoted is

0.00495 N-S/m? (4.95 CP) with E at 41.58 kJ. The variation

in viscosity with temperature for liquid iron is given by’
Smithells.”> ‘ J
. ; ff’ )
n =n exﬁ(g—) '; / (2.8)
o] RT . :

where D 0\3699?ﬁNS/m’~ /

: . , i
41.4 kJ/mol } . 2& : ﬁ“iﬂ
R: gas constant 8.3144 J/k mol ﬁ "

-

2.3.4 Thermal Conductivity
"The varxiation in iron thermal conductivity of iron

with temperature is given by Turkdogan.56 At the melting

point of pure iron, it is quoted as 30Wm TKT (0.071 cal-
am 1.5y, at, 1873 K (1600°C) 35Wm T K'Y (0.083 cal-
P |

D

{
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2.3.5 Specific Héat and.Latent Heat of Fusion

Data on iron specific'heat has been summarized by
.Eiliot et al.52 Lange54 also reviewed experimental data
for the specific heat of pure iron.. The tabulated values
of specific héat were used to obt;in an average over a
range of temperature. The latent heat of fusion was chosen

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

13.4 and 15.5 kJ/g-atom.

2.3.6 Diffusivity

Ono and Shigematsu51 determined the diffusivity of
vanadium, cobalt and molybdenum in molten iron using a
coupled—giffusion method. They found the following results:

for Fe-v alloys with vanadium contenij/ﬁp to 1.42%:

D = 3.69(£0.33) 10> cm?/s or
D, = 3.69(:0.33) 107° m?/s _ E

at 1823 K (1550°C)

Iida and Moritas7 derived a series of gxpressions
describing some prqperties such as diffusiégiy and viscosity
of any liguid metal and allof near their liguidus tempera-
tures in terms of somé basic physical quantities.  They
showed good agréement-bgﬁween calculated and experimental

' ) Y

values for the solute diffusivity in liqguid iron at 1873 K

(160Q°C). For the diffusivity of vanadium in ligquid iron,

26
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5

? n?/s (4.4x10"

they calcﬁlated a value of 4.4x10° cm? /s) at

1873 K (1600°C).

9 studied the diffusion of various alloying

Ershov et al.5
e;;;zkts in liquid iron over the temperature range 1823 to

1973 K (1550 to 1700°C). /TheyAused'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 diffusivity.

(D)-lO9 m’s_l D-lO9 m?/s- D -108 m? /s Q kdJd/mol -
(1873 K) o _
;v 4.1 . 11.10 51.66

Ti 13.8 , 31.00 48.3

The considerable variation in diffusion coefficients
between these elements was explained by microheterogeneity
of the‘liquid iron and by features of the distribﬁtion of the
diffusing elements between the structure components of the

melt. . . ) ¢

e
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2.4 THE IRON-TITANIUM PHASE DIAGRAM. °

The Fe-Ti phase diagyam shownrin figure 2.5 was adopted .

from the 'Thermochemistry fo
52

Steelmaking', Vol. II, by Elliot

et al. One will note that two IRtermetallic compounds,

'FeT,; ' and 'EeéTi', are reported. Acco

Margolin,59-the compound FeTiz, not shown in) this diagram,

ng to Ence and

forms_a peritectoid reaction between B and’ FeTi at the tem-

‘perature of 1273 K (1000°C).

Molchanovaso states that the 'FeTiz' is stable only in
the presence of oxygen. The temperature range where the
liquid phase could exist in the binary iron-titanium system

and where this study was concentrated, was from 1843 K

{(1570°C) to 1923 K (l650°C). The B liquidus was given as a

straight line.52 : -
TL(K) = l940 - 2030.3 - XFe or
] — —_ .
TL( C) = 1667 2030.3 XFe

2.5 THERMODYNAMIC PROPERTIES OF IRON-TITANIUM ALLOYS

- oaq!

There is only limited published data on the thermo-
dynémics of liquid iron-titanium, Chipman64 estimated the
activityccoefficient of titanium.at infinite dilution,

Y%i = 0.011 at 1873 K. More recently, Fruehan65 calculated

.the activity coefficient of Ti at infinite dilution as Y;i =

61

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

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

mental results of Kubaschewski and Dench62, and of Wagner amd
63

-~

St. Pierre. The integral heat of mixing for liquid 1irédn

and titanium is given in the following formula[sl]:

MMy = Xp, Xp; (762760 X - 46024 X .)

where X

Fe'® LrON mole fraction
-XTi: titanium mole fraction
AH s J/mol

0 = Xmi £ 1: composition range

L3

1400 = T £ 2000: temperature range in K

2.6 THE IRON-VANADIUM PHASE Q&AGRAM

The Fe~V phase diagram in Figure 2.6 was also adopted
from 'Thermochemistry for Steelmakihg’', Vol. II by Elliot
et al.52 A compound Fe3V which is not shown in their diagram,
has also been reported.66-

The temperature fénge where the ligquid phase could exist
in ‘the binary iron-vanadium system and where, therefore, the
present study was COncentfated, ranges between 1823 K (1550°C)
and 1908 K (1635°C). The liquidus can be approximated as a

straight line:

T_ (K) 2041.- 520 + X._ or. S

Fe

1768.0 - 520 - XF
e

I

T, (°C)

W
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2.7: “THERMODYNAMIC PROPERTIES OF IRON-VANADIUM ALLOYS

" Elliot et al.52 have presented the partial and molar

prgperties of mixing of ligquid iron and vana&ium at 1873 K
(lGUO;C). They derived'ghis directly froﬁ‘Chipman's activity
curves where he made the aséumption that the entropy of mixing
for the solution is ideal (regular solution behaviour). More

" recently Kéy and Kontopoulos;67 measured Henry's law coefficient
Yo a; being ?.23, 0;21, and 0.18 at 1823 K (1550°é), 1873 K
(1600°C), 1923 K (1650°C) respectively. Based on these results
and with the éssumption’of regularlsolution behaviour, the
present author derived the enthalpies of mixing of liquid iron

and vanadium at different’ temperatures. Figure.-2.7 summarizes

these results.

.32



33

-1673

VANADIUM MOLE FRACTION

.1 T ] ] T
6 — 1873 — -1u3y
| 1923 |
- —1 -1195
o
x |
- &
ds)
= -y — -8958
| |
><
L |
x
(T - i
o 3 1717
N
0.
_
G: : - .
r -2 , —~ -478
- . :
z ol
L
-1 — -238
l ] | 1 ' ’
0 g.2e g.4 0.6 0.8 1.0
‘ <~

Figure 2.7 Heat of mixing of iron and vanadium at different temperatures (K).

+

(CAL)

-

ENTHALPY OF MIXING



34

CHAPTER 3

3.1 INTRODUCEJION
. L

In this chapter matérials and exp€rimental procedures
used are presented in detail. - The hardwafe and software
aspects of a microprocessbr based data acquisition system
are déscribed. This system was'developed specifically‘for

this research work.

f

CYLINDER IMMERSION EXPERIMENTS '

The cylinder immersion tests were carried Put using a‘
Tocco meitmaster furnace to melt and contain the steel., It
was a 150 kVA, 4007V, 3000sz.uqit. The inductotherm coils
haa 9 ﬁu:ns in a length of 35.6 cm, with an internal coil'

~

diameter of.33.0 cm. The alumina crucible, (90% Al,0,, 10%

SiO2 suppiiéd by Engineered,Ceramics),‘had'an intefnal

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

c;arge norimally filled the crucible toc within 2.5 cm of the

top. All of the heats were made by induction remelting an \_/
A g

initial.charge of Armco iron in an alumina crucible. Figure

3.1 shows the induction furﬁacé with its controls. During

thé meltdown aédt%hroughout the heat, oxidation was ﬁznimized

by placing a pipeﬁﬁb.95 cm in diameter, slightly above the

rim of the crucible. Argbn was passed 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, designatgd as ASTM B-348
GRADE 2, were purchased from Titanium Ltd., ville St-Laurent,
Quebec. The analysis certificate quoteé 0.03% nitrogen,

0.10% carbon,.0.0léé% hydrogen, 0.30% iron, 0.25% oxygen and
éitanium the balance. Thermophysical properties for this
fype”of titanium along with théir sources are presented in-
Table 3.1. .The vanadium cylihders used were purchased from
Metals and Byproducts Company, Sparta, New Jersey. The
énalysis certificate quotes 99.9% vanadium, 0.02% carbon,
0.04% oxygen, 0.02% nitrogen, and 0.02% iron. The properties
of vanadium Cylinders Qere estimated from similar pfoperties-
of pure vanadium and are summarized in Table 3.1. High
purity, iron melts were made by melfing Armco iron having a
nominal composition of 0102%—0.03% carbon, 0.05% manganese,
0.007% pﬁosphorus, 0.018%-0.01% sulphur, 07001% silicon, and
iron the balance.

In the case of titanium cylinders, the necessary thermo-
couple inserts were made by drilling out 0.31 cm diameter |
holes. Fog the vanadium cylinders the spark erosion technique
was empldyed in order to make theselholes. The exact .
position 6f the tips of these holes in the cylindrical body
was found by x-ray radiography. - .

The ferrovanadium cylinders used were supélied from the =
Market Development Department of Metals Division of Union
Carbide Corporation. | -

r
%



able 3.1

Thermal and Physical Properties of Tltanlum,
Vanadium and Armco Iron
Property Titanium Vanadium Armco Iron
: X
' 89 | ) 89 .- 100
:Den51ty 4500 6100 7506
(kg/m (298 X) (298 K) (1500 X)

'U [

o 'Heat 89 55 | 100

—_ 'Capac1ty 580 498 698

o (J/kg K) (298) (298) (1500 K)

0 'Thermal 89 55 100
IConductivity 16 31.6 3z2.1
Iw/m K (298} (298) (1500 K)

| 89 91 (est);
Melting Point (X) 1938:5 '2173+25 1793
91
Phase Transforma-
tion ({(K) 1155.0 i -
Latent Heat of 91
Transformation 8874.8 - -
(T/kg)
I - ,
Density | 55 55 . 100
j (kg/m*) 4100 5700 6960
I " (1938 K) (2173) (1870 K)

' 'Heat - 100

T |Capacity - - ; B22

- !(J/kg K) ft {1870 K)

o)

U"Thermal 90 100

-+~ [Conductivity - 49.4 41.2

a [w/m K (1873 5) {(1870)

l - . 100
:Viscosity - - 5.1 x 10~
; (Pa S)
IVolumétric 100
Coefficient - - 1.4 x 10~4
IOf Expansion (1870)
Prandtl o
Number - - 0.102
91 | 91 63
Latent Heat of .
Fusion (J/kg) 322,182 410,370 268,500
oy -

7

T
~

o
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Eigures'3;2 and 3.3 show_titanium and vanadiﬁm cylinders,
respectively. Iﬁ order to eliminate the bottom effects in
the cylinders a steel cap was placed very tightly on the
bottom of the cylinders. This cap Qas thicker at the corners

»

where the mélting is fastex.

3.2.2 Procedure for Adjusting Steel Bath Chemistry

Sixty-five kg heats of Arméo iron were melted down. The
bath temﬁerature was brought up td 1600°C (1873 K) and there-
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
Qére taken with a Fluke B600A digital voltmeter. At this
stage the oxygen content of the bath was ?enerally found to
be in the range 1100-1200 ppm.

A 100 gr pure silicgn addition'followed for deoxidizing
the steel. The lumps were stirred in the melt for about 30
seconds. Following‘fhis, 300 gr of aluminum rods 1.905 ém_
in diamééér were immersed. Immediately‘after,40 gr of lime.
were’diSpgrsed in the surface ?f the melt. At this goint
the accumulated slag was quite fluid and skimmed off easily.
After three minutes, sampies were taken with a 0.47 cm I.D.
vycor tube, equipped with a rubber aspirator bulb. After
deoxidation, the oxygen gontent of the steel bath was found
to be between 40_and 60 ppiin In order to keep‘£he titanium

content-of the steel bath to a minimum'only a limited amount



Figure 3.2 Titanium cylinder.
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Figure 3.3 Vanadium cylinder.
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of titanium cylinders were immersed in each heat. In any
case, the titanium confent of the steel bath never exceeded
the 3.0 wt% mark. 1In the case of vanadium experiments each

cylinder was immersed in a new steel bath.

3.2.3 - Procedure for Immersing Bath Thermocouple

Once the bath éhemistry had been correctly adjusted,
the next step involved immersion of the bath thermocouple.
As wili be mentioned with the mathematical model in Chapter 4,
a continuoﬁslmonitoring of bath thermocouple is critical to -
the success of these dipping tests since meltiné times are
) norma}ly inversely proportional to superheat temperatures
leBath - eM.P.Fe)' Fof typical steel planf conditions, %ﬁis
only amounts to-at most 100°C,‘so for a :5% error, instan-
taneous bath temperature must be known to be within £5°C
maximum.. .

The thermocouple system chosen was a type R (Platinum/
platinum—l3% rhodium). The thermocouple wires had been

‘ .

appropriately placed in a 99.8% alumina double bore insulator

tube (McDhanel) with O0.D. .2.38 mm. The whole system was con-
- ~ '

-

tained in a 99.8% aluming sheath 5 mm I.D;,.7 mm O;D., 46 cm
long‘with one end closed. In order to prevent slag erosion
( of alumina tube} ét the melt surféce,~a cement 'cellar'

9 cm long and about 3.2 cm in diameter was bound around it
over the appgopriate distanqe. Angther cement coliar of

the same diameter and a length of 2.5 cm was placed 6.5 cm

o
p

41

S

i
t



from the open end of ‘the alumina sheath. This latter collar
]

allowed better attachment of the alumlna tube to the support

stand. Figure 3.4 shows a bath thermocouple.
A

The whole thermocouple assembly'was lowered to within’

7 cm of the bath surface for ahout seven minutes, and it was
connected with a Fluke 8600A digital voltmeter. It was then
lowered to just above the melt surface for about ten minutes.
When the temperature was at 1400°C (16%3IK), the tip was
immersed to a depth of 6 cm. The maximum iife achieued for
a thermocouple lmmersed in this way was one and a half hours
at temperatures ranging between 1550°C and 1650°C (1823 K to
1923 K). .

The platinum wires of bath and cyllnder thermocouples
were long and were connected with cold Junctlon compensators,
type CJ~R, supp%led by Omega Englneerlng Inc.,'Stamford; Ct.,

U-S-A-.‘

3.2.4 Welght Sensor

)

In this work advantage 'as taken of a plece of equlpment

42

which had been tonstructed At MCGlll Un1versmty. Using this - -,

IS
i

equipment ‘the apparent welght of the addltlon in the steel
bath was monitored | Flgure 3.5 shows a picture of thls

- apparatus while full detalls are glven ;n reference 49, 1In
essence, the equipment provides a feeding meéchanism drrven5;

n
_ ‘ .
by a 1/3 HP variable speed DC motor, plus & LEBOW 12 kg -

capacity load cell capable of measuring both tensile and
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Fleure 3.4
Steel hath thermo-
couple,

Figure 3.5
Weight scensor.
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compressive loads. The load &ell was calibrated by suspending
known we%ghts from it énd‘by subsequently measuring the outéut
signal for the input excitation voltage of 20 DC. The fol-
lowing mathematical expression was found to be excéllent in

converting analog signals to force:

P4
Net Downward Force (N) = 2.778 (MIL) - 2.996
or | B (3.1)
Net Downward Force (gr force) = 283.2 (MIL) - 305.5 v

" 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 éccuracy.of weight measureménts by the ioad cell

is equal to 4 gr force or (£0.039N).

3.3 MICROPROCESSOR BASED DATA ACQUISITIOﬁ SYSTEM
The monitoring of analog signals.from the transducers
(i.e. thermocouples and load cell) was carried out with a

1

novel data acquisition system designed and constructed ex-
pressly. foé the' present study. FPigure 3.8 _shows a schematic
layout of the'd?ta‘qéquisition and a picture of this systgm .
is presented “in figufe_3.9,

y
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Figure 3.9

A) Microprocessor, A/D converter, [loppy disk.
B) Plotter, CRT, Model M.
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3.3.1 Hardware Aspects
'The hardware was developed on a Southwest Téchnica%//
Products Corporation computer system which uses the §5-50
bus, system. The following boardé were used in this computer
system: \
a) The MP-09 processor board. It cousisté of the
‘ Motorola MC680% processor, ROM monitor, memory _
management system and buffering circuits; ”
b} Three memory boards - 32K, 16K and 8K respectively.
« The total number of RAM Memory is 56K; )
c) Three serial interface boards MP-S;
d) Ore Interrupt timer MP-T board;
e) The DMAF2 Controller-board;
f} A bus extension board used to bring the S5-50 bus
signal§ to the analogue inpu£ microperipheral board.
Figure 3.10 deﬁiéts‘an overview.of,these boards. As;the “”/f

measured parameters are in apalog form, a translator was
needed t§ convert them into a digital form suitable for
computer processing. For this purpose, a BURﬁ—BROWN anaiog
input microperipheral board (MP7218) was used. This micro-
computer analog input system is contained on a singlé printed'

circuit board which is treated as a memory by the cpy. 10t

/
Figure 3.11 shows this analog input board. ‘

The board includes a 25 V input overvoltage protection,

an analcog multiplexer, a high .gain instrumentation amplifier

-~
<y



Figure 3.10  An
overview ol the
hoards of the
microprocessor.

Figure 311 'l‘hc'

) N analoyp Lnput
11*.""' : .
' - board with the
A/D converter.

.



51

and a 12-bit analog to digital converter with the necessary
timing, decoding and control. The analog digital converter
emquys the successive appreximation technique. As the
analog digital converter output is a 12-bit word, two 8-bit
memory locations are needed for each channel. Address bits
Al5-A5 select the board and A4-Al select the analog input
channel to be digitized. The polling mode is used for the
A/D operation. To start a conversion, the boérd is written
using ‘a STORE (STA) instruction. Thé analoé input board is
jumper configured so aé to operate at any memory location.
For this microcomputer system, the board was cdnfigured to .
be at iocation E02016' Figure 3.12 shows the MOTOROLA

assembler statemen£s which are needed in order for the computer
to perform an aﬁalog—to—digital conversion. The range of

the analog input board is Jjumper selectable and Qas set at

*2.5 V. By increasing the gain of the operational amplifier

by a factor of 100, the analog input board was capablé of é?
measuring the range of #25 mV. The resolution of analog to

digital conversion for the *25 mV analog input level is l12uV.

The interfacing of the analog input board with the micro-

“computer was carrled out using an extension board and an 86-

pin PC edge connector (SAE-43D/1-2). 'The signals which are
required for the analog input board are supplied from the
SS-50 bus. Two of them (VMA and ¢2) are inverted in the

SWTPC bus. In order to make them compatible with analog



STA A S22
after a convert command
is issued, the computer is not
allowed, by software
conthéi,ﬁo read the board

o for 32U micgaéeCOHds

L LUA A SEUSY

s~ A #S1U

=l Co

LUA B $EUS]

S0 (1, X++

Figure 3.12 MOTOROLA assembler statements which are needed in order
for the computer to perform an analog—to-digital conversion.



input board requirements, external'iogic 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 thé SWTPC system
were not regulated, regqgulators were incorporated into the
present system. |

In order to inérease the stordge capability aﬁd the
speed of data transfer, gh-SWTPC DMAF-2 floppy disk was con-
nected to the computer system. This floppy,disk system can -
accommodate two double sided and double denéity 8" diskettes
and each diskette has storage capability of 970 K {bftes),
The FLEX 9.0 operating s_ystemlo2 was used in order toicontrol
all the floppy disk operations directly from the user's
terminél; '

A Hewlett-Packard 7225A gréphics plotter, having the
17603A personality module was interfaced with the micro-
computer system. The standard RS-232-C interface cable and
the hard&ire handshake mode of operation were used for this
interface.

The microcomputer 5ystemrwas interfaced with the central
computing facility of the McGill University System'for Inter-
active Computing (MUSIC). The MU%&C system is supported by
the large AMDAHL V7 computer. Using this interface, any type
6f file can be ffansferred from the system diskette to MUSIC

input file and vice-versa.

53
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3.3.2 Softwage Aspects . KP‘/)

| ‘A regl—time software package was developed for.the set
of expériments'ﬂescribéd above. This softwaggéwas written
in MPTOROLA €809 Assembler ;gnguage. It was written so that,
when running, they operatedrin a conversational mode allowing
easy usage for neophyte terminal operators. The software
package, called KINET, was used for monitoring the dissolution
kinetics of solids in liquid steel. The flow chart for this
progrém is given in Figufe 5.13. As seen, eight steps are
included. 1In the first step, the program.requests the
immersion time (i.e. the lengtﬁ of time that measurements
are to beArecordeds, theh the frequency of measurements per
second. Following this, the steel bath temperature (°C);
below which measurements will start is requested. The program
then calls for thé number of channels to be scanned (i.e. thé
number of input analog signals £o be monitored). Finally,
the program checks with the user that the above data have-
been entered COﬂrectly, looping back or procggding, as appro-
priatéi The program finally determines whether the uéer wishes
to wait. If not, ﬁhg system starts monitoring bath tempera-
tures every tenth of a second. - Once this falls to that speci-
fied, the computer informs, with the méssage '"Time for |
immersion when you are ready press R'. Before the cylinder
is_immersed in the molten steel, the user pressés.R and

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

the location for the first and last BYTE of data.

T4



INITIALIZATIAON
, -éd

l.\

MEASURE -BATH TEMPERATURE
EVERY TENTH OF A SECOND

l

IS Tugmn“Texpeninent 2

NO

TES

HAIT. UNTIL THE CYLINDER
IS INSIDE THE BARTH

|

3CANNING STARTS

l

END OF SCANNING

|

WRITE FIAST AND LAST
MEMORY LOCATIONS OF DARTA

l

"END

Figure 3.13 Flow chart of the program KINET.
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-

Figure 3.14 shows a typical conversational session.
The experimehtai results 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 siﬁple FORTRAN
program. The software for the Hewlett-Packard 7255A Graphics
Plotter was developed in BASIC high level language. An
assembler fisting of program KINET along with fhe generated
code is given in Appendix IV. |

-

In addition to the above mentioned software, another
software package has been déveloped wPiCh 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 Anélog to Digipal'cdnverter

Calibration was performed by cdnnecting a precisioﬁ
- 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 FLUKE. The offset and gain adjustments were m;de
while applying the voltages 524;994 mV¥ and +24.981 mvV, res-
pectively. The offset adjustment is made firstxby‘using éhe_
appropria£e offset calibration volfage and the program QEFSET

which is listed in Appendix IV.
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INSERT IMMERSION TIME IN SECONDS
60 | |

INSERT NUMBER GF"MEHSUREMENTS PER SECOGND
10

INSERT BATH TEMP'ERQTUHE IN DEGREES CELSIUS
1600

HOW MANY CHANNELS ARE GOING T8 BE SCANNED 2
?s THE ABOVE DATA CORRECT 2

INSERT IMMERSION Tme IN SECONDS

?%SERT NUMBER OF MEASUREMENTS PER SECAND
INSERT BATH TEMPERATURE IN DEGREES CELSIUS
HOW MANT CHANNELS ARE GOING TG BE SCANNED ?
15 THE ABOVE. DATA CORRECT 2 |
Bo Yau WANT TG WAIT P
#IME aF IMMERSIGN NOW :

WHEN YOU ARE RERDY , PRESS R
R .
END GF SCANNING

FIRST DATA WAS STBRED AT 0000

LAST DATA WAS STBRED AT 2581

Figure 3.14 Typical conversational session.
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The OFFSET calibratioh program was lbaded to the memory
and run. After 100.convé}sions the_program ﬁas halted at
the breakpoint and. the conteﬂfs of the accumulator B was
3216' If a difference of:more than 1016.wa5 present then
the offset trimmer resistor would have been slightly readjusted
and the program restarted égain. This procedure was repeated ‘
again until the contents of the accuﬁulator were within 1616
'of each otpér. The gain adjustment. was made in much the
‘same manner using the proper'gain calibration voltage and

Fa

the program GAIN which is listed in Appendix IV.

3.3.4 Calibration of Interrupt Timer

The actual osci;lator frequency of theé Interrupt Timer

103 A HP model

was adjusted by trimming the capacitor C4.
5340A electronic counter was used as an accurate time base
for this calibration. The actual count output of the oscil-
" lator was taken from pin 10 of IC5.103

. In order to check the accuracy of the generating IRQ
interrupts from the intef;uptthmﬂ? board over long periods °
of time, a proéram was written which accepts and displays
hoursf minutes, seconds and tenths of a second in\a 24_hqur
format on the coﬁtrol terminal of the computér system.‘ The
program works by first allowing tﬁeioperator t&‘enter the
correct time. The MP-T interrupt timer board is configured

for a tenth of a‘jecond maskable interrupts, and each time

an intéfrhpt is generated the program updates and displays



the new time. Running this program forfiong periods of

time, the accuracy of interrupt timer was verified.

3.3.5 Signal Conditioning

An electrical noise problem was encountered when the gain
of the operation amplifier of the anélog'input board was set
to 100. On thorough testing, thié noise was fouéd to be
normally distributed and could be eliminated by-monitoring,
and subsequently‘averégiﬁg, 128 or 256 samples.fér each data
point; The former sampling was compatible with the require-
ments of scanning at least four inpﬁt channels every one
tenth of sgcond'while the latter one was compatible with
regquirements of scanning three input channels every ohe tenth
of a second. | ‘

During the 6peraﬁion of these experiments in the high
frequency induction\furnace, significant noise was introduced
desﬁite the use of shielded cables to the theérmocouples.

This noise was modulating.as an AC signal and consequently
demodulation and filtering tock place. A network of low—paés
filters designed and built for each channel was found to have
exééilent response to low-frequency signals aﬁd at the same
time provided a great deal of attenuatioh at high frequepcies.
A schématic layout of a low pass filter is presented in

Figure 3.15. For this filter network the cut-off freguency

may be computed as follows:
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; = 27WRC

K

where C: size of capacitor in farads;
R: resistance in ohms;
f: the cut-off frequency in Hz above which signals
- 5

. o Ve
are effectively eliminated. - T

The noise was.reduced to a tolerable level by using a

" resistance .0of 10K and capacitance of 1luF. The cut-off frequency

of this low-pass‘filter was 15.9 Hz. Signals of higher

'frequency were largely eliminated. The filter was placed

very close to the aq&}gg input board.

3.4  PROCEDURE FOR CYLINDER IMMERSION TESTS

Once the steel bath chemlstry had been correctly adjusted
and the bath thermocoupte.had been immersed into the steell
bath, the tempetatureaof the steel bath wasabfought ué 20
to .30 K above the specified temperature. The pewer.to the
iﬁduction furnace was then éwitched dff'and the data acquisi-
tion started to measure the steel bath temperature} When this
teﬁpe;atute was lower or egual to the specified bath tempefa—
tﬁpe, a message was issued on the terminal 'Time of immdrsion

-

now when you are ready, press R'. The apparatus which carried.

the load cell was then brought to the top of the steel bath

A
aﬂd scanning of the spe01f1ed channels started a few-.secoirds

'prlor to immersion. When the message 'End of scanning' appeared

on the termlnal the remaining ‘portion of the cyllnder waa!

w1thdrawn fromvthe steel bath and removed from the load cell,.

#P% . . o N e
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3.5 INDUCTION HEATING OF COMPOSITE SAMPLES

In ordér to produce a steel-titanium interface, small
cylindrical samples 2.54 cm in diameter and 1.5 cm lgng
were machined éhd pressed tightly tbgethef.' Figure 3.16
shows a schematic ér$ss—section ﬁarallel to the'éylinder

vertical axis. A small hole with a diameter of 3 mm was
. hY
then drilled through the iron up to iron-titanium interface.

The composite sample was placed in the‘induction coil .and .
. ) ) >
through it, therhocouplé wires were passed until the hot
. L i

junction met the gteel-titanium interface. Figure -3.17 éhows
the composite sample placed in ‘an induétion'coil with a
thermocouple at the steel-titanium interface. |

‘'The composite sample was then heated up inductively and
the temperature-time history of the interﬁgce was recorded
with the data acquisition system-describeg. Tge electrical
noise problem from the inductibn.coil was eliminated by

monitoring and subsequently averaging 512 samples for the .

the:mocbuple-eve;y tenth of a second. A modified version

-

- of program KINET was used for this type of experiments. ’

3.6 CHEMICAL ANALYSIS -/ - . | b

a . S .
The carbon anéiy31s was done with an IR12 carbon analyser
manufactured by Leco Corporation. The hnalyse;-operates on

the principle of oxidizing an inductively mélted sample placed-"
in an oxide crucible by passing a stream of pure oxygen over
it. The Co, thereby-producéd is analyzed in the oxygen stream
. : v .
I

by means of a luft ‘cell whose electric signal was electronically
r .

s
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. Figure  3.16
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Schematic cross-section of the composite sample parallel

" to the cylinder vertical axis.
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Figure 3.17

Composite sample placed In an induction coil.
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'integrated so as to give digitallcarbon weight percent
readings.
The oxygen analysis was performed with a Leco RO-17
oxygen determinator. It used the inert gas fusion method.-
The éaﬁple was placed‘in a previously heated degassed graphite
crucible. The crucible was resistance heated to a sufficiently
high temperature for the sample to melt. The oxygen in the
sampie was cbnverted to CO which is analyzed in a luft cell.
Thé’iron,'titanium and aluminum analysis was aone using
wet analytical methods. The samples were treated with aqua

.

regia in order to dissolve their nietal contents. The solutions
were then diluted and atomic absorption was performed ﬁsing
a Eye—Unican Specfrophotometer SP 190.

In a few samples gpectrographic analysis was performed

at Sidbec-Dosco in Contrecoeur, Quebec, and iron and titanium

wet analysis at QIT, Sorel, Quebec.

~
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CHAPTER 4

MATHEMATICAL MODEL

The mathematical model described in the present text
-has been developed to predict heat and mass trgnsfer events
which odcur'when a high melﬁing point aaditive_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 thg
literature for cylinders. Since temperafures within the
main body 6f the cylinder are affected mainly by heat enter-
ing in a radial direction from the bath, conduction up a
through the bottom surface has-been ignored. Consequently,
the mathematicallmodelling work-presenéed in this thesis
refers to a one dimensionii model. The explicit finite dif-
ference method was employed to solve the set of steady state
differential heat t;ansfer equations and'accoﬁpanying boundary

conditions and equations.

4.1 GENERAL EQUATIONS OF THE MODEL

For an isotropic material, the heat conduction eqguation

may be written in cartesian coordinates as: o

2 25 2 - ‘
_ &[8 8 + 3-8 + 3_6} + 9 (x,y,2) _ 96 :
3% 2 ayz 3z2 " p C at ‘ (4.1)

P



where
Cp: heat capacity
o
k:
a = EJ%—: thermal diffusivity
p
Q™ heat generatioﬁ per unit volume
~ For a cylindrical coordinate system, the Spatial

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

and the angle Y. These variables are related to x, y, 2z as:

-
. [

X = r cosy
y = r sinw
zZ =2°

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

CR %g¥;_ 978 , 328 _ gMr,y,z)_
r

or? .or?oay? 3z? k

1 38 _
S = (4.2)

R

,-
In thé absence of heat conduction in the axial direction,
38/3z = 0 and 3*0/9z* = 0. If in addition, the heat flow is

symhetrical with respect to the angular component, V¥ (i.é.

 c6ndi§ions at r and z, un;fbrm and independent of y).
Equation (4.2) .reduces to:
Ll

329 , 126 q™x) _ 1 a8 |
o + = 37 +' T == o ‘ f4.?)

3

{x
N
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Finally, without any heat generation, this general equation

simplifies to that for transient, radial conduction of heat

i@

in a cylinder:

s T T T W3 e
or
) 3 38, ‘
222 (rD (4.5)

Figure (4.1) presents a typical set of circumstances
existing during the growth and melt back of a steel shell on
a qylindrical additive immersed in liquid steel. The diagram
" represents a schematic cross section perpenéicular to the
cylinder's vertica} axis. Appropriate expressions. for
transient conduction in the so0lid additive and the steel

+

shell are therefore:

'Solid additive:

0 s = rl.

<
f 05t < ttotal

o .
0 9 96
S | 4-6)

. Solid steel shell:

* *
r, s

H
7AY
H

5 “total

=

:1.- .
&

ar|o

o
IQ

H .
0]

dJlo.J

H

(4.7)

Q>
H
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Figure 4.1 Schematic representation of typical melting situation
denoting the various interfaces and coordinate systems used
in the mathematical model.
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.For titapium, when tﬁe steel shell/titanium interfacé

- éxceeds é certain threshold temperature, an exothermic re-
action is initiated. This phenomenén'can be represented

{in its most simple form) through a constant heat generation

term at the inner steel shell interface, together with

associated erosion of the steel shell. This erosion is caused

by a constant flux of dissolved titanium,/ supplied through

dissolution of the titanium core. Fi re 4.2 presents these-

lara

'phencmena in schematic form.

4.2 INITIAL CONDITIONS

2

Prior to immersion, the temperature of the cylinder is

taken to be uniform at Bb and the radius of the cylinder is
* . .
denocted by Tq- Expressing the above conditions mathematically

*

l .
. (4.8)

P

t
M

0 and 0 £ r < r

6 =8

The bulk temperature is taken to be constant prior to

immersion:

t =0 and r > r

1
8 = 85 (4.9)
Finally, at time t =0
r = rl = r2 N (4-10)

x;
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Figure 4.2 Schematic cross section of a dissolving titanium cylinder
showing positions, boundaries, and coordinate system chosen
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 éylinder's centre and
time zero.and proceeding“radiélly outwards towards the liquid
steel bath. Since the phenomena occurring during the dig;

solution of titanium in molten steel are quite complex, it

. was decided to present the boundary conditions in two differ-

ent sections: the first for titanium and the second for

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:

Q2

3r

The interfacial heat fluxes prior to the exothermic
reaction between the-steel shell and titanium can be taken
equal:

72

9 - ¢ | (4.11)

0 < t < tR’ r = r1
Ce9e _ . a8 o
Kre 3r = Ks 3¢ . ' _ (4.12)
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The difference in temperature between the inner surface

of the 'steel shell and the surface of the titanium cylinder

depends on RT’ the interfacial thermal resistance.

0 <t <t rY¥ =r

R’ 1 | -

on = Fe s . C(4.13)

Perfect thermal‘conta&t 1s established at rl, once a

*
eutectic liguid of iron and titanium has formed (6 .> 1090°C

or 1363 K) at timgs greater than g

r=r

t. <t ¢ % £

R total’ (4'14)

. *
RT =0, 6 > 1363 K

When the exothermiclreaction starts, the difference
between heat fluxes into and out of the interface or reaction
zone must be'Balanced by the heat flux generated from thé
exothermic regction. Making the approximation that this zone
be treated as acting:as the original iron/titanium interfgce,

o
one can write:

te st s ttotal’ r=r,.
x B8 4G oon o o_x 28
KFe ar + FTi QGen KTi ar (4.15)

ay



. "
, 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.
Me, 0 <t <t g | (f
r =r,
) ® = ®y.p.Fe ) , | (4.16)
The difference between the heat fluxes from the bulk
liguid steel to the interfdce at r2, 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
is thus equatioﬁ (4.17) : -
\#t, 0 < t < ttotal' r = r2
1T S dr | - "
(K il = p L. —+q" . (4.17)
, Fe or Fe,shell Fe‘.Fe ot conv
The heat flux, &ﬁonv' which was uﬁed in eéuation f;i
- {4.17) will depend on the heat transfer coefficient‘as well -
as the temperature 'driving force': | . \ .
T = - !
onv = P ratn = By.p.we) - (4.18)

The mass transfer phenomena occurring at the inner:

steel shell wall at r = ri can be expresséd by the following:'

.'@ [ Y.
g R '
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X _ ]
Npy = Ky Cpeypy ~ Cpyd - (4.19)

Finally the temperature of the steel bath far from

the steel shell can be redarded as being constant:

<
\%t' 0 <tz ttotal

r + o, = Obath _(4.29[

4.3.2 Boﬁndary Conditions for Vanadium

vanadium follows a more conventional route during
steel shell fo£mation and melt back. 1In this case, there
is no exothermic triggering mechanism at the steel shell/
vanadium interface and no equations equivaleng to equations
{4.14), (4.15) ana (4.19). The remaining boundary conditions

are applicable, however,during steel shell formation and melt

back.

MMe, 0 <t < e oral (4.21)

tiotal 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 soluticns with such
boundary conditions, rumerical procedures were employed to

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

. steel shell.
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of time. The explicit numerical technique was employed for
solvinglthe set of partial differential equations and boundary

conditions just described.

4.4.1 Assumptions Involved

The technique of humerical integration involves certain
simplifying approximations. These are discussed in a later
section of this chapter. Assumptions in deséribing the
physical phenomena of a cylinder's dissoldtion/melting were:

(1) 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.

(ii) The heat transfer was taken to‘be symmetrical
about the cylinder's axis (i.e. slight variations with respect

1
to length are ignored.)

(iii) The immersion of the ferro-alloy cylinder dn 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 of node
was assumed to havé uniform temperature and thermophysical
properties. - ¢

{vi) The temperature of the solid-liquid steel inter-

face was constant during the freezing or melting process of

LY
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4.4.2 Formulation of the Numerical Equations'

In order to set up the relevant nuﬁerical equations
for the solution of the heat transfer problem, it was decided
to consider 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

-

)

.. Jocated at their centres. The central nodal point located

@n the cylinder's axis was designated as number 1, and succes-

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

”~

refers to the surface area located halfway between nodal

points 1 and 2, and the volume Vl to the volume of the segment

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

1°
volume v, refers to the volume of the segment bounded by
surfaces Al and A,. Thus for the diagram shown in figure 4.3,

subtending an angle § of 1 radian and of unit length above

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

volume V, are given by:
Dx Dx?
Ay =5+ Yy =73

Similarly, the cross-sectional ar€a A

2 and volume V., are given

by:

In general, the cross-sectional area Ay and volume V . are

N
given by:

\ v
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_ {2N-1)Dx _ _ 2
AN 5 VN = (n-1)Dx

My, N 32

Thus, writing a heat balance for nodal point N for
; <
unsteady-state heat conduction between N and two adjacent
- -

nodal points' (N+1) and (N-1) yields the general equation:

~

2N-3 2N- l

B& = 0 {l M(ZN 2) - M{

Sn=a) bt M=)t Oy
\\
- 2N-3 \ |
+ M(EN—_:—Z') eN\'ifl (4.22)
where M - KDt %
Fe R \

8& represents the new temperature of nodal point N

at time t+ét. '

Equation .23 is the numerié$l equivalent of differ-
ential equations #.6)and #é.7) cast in“ﬁhe finite Qifference
explicit form. In Appendix II, equatf?n 4.22) is derived
directly from partial‘differential equgkions 4.6)and 4.7).

* As seen, a knowledge of the nodal point temperature at time t
allows new nodal point temperatures 6', td be calculated at
time t+8t in any region of the cylinder (i\e., addition,
steel shell). \
.The finite difference equation for the central nodal

point 1, satisfying boundary condition (4.11) is:

79
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(4.23)

Referring to the figure 4.4, let us assume that the

solid sheﬂiﬁliquid steel interface at time t is in position A.

Let X, be the distance between the last nodal point N+1 and

t

the liquid-solid steel interface. At time t+8t, 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:

i L §xr _ g (eM.P.Fe N+1)
Pre Fe = 6t Fe T X,
Here, pp, steel density
Lpe® steel latent heat
Kpo! steel thermal conductivity

Bath ~ "M.P.Fe

(4.24)

h: convective heat transfer coefficient from bath

to outer surface of the addition.

When X, exceeded bx (radial nodal point distance), a

new nodal point was assigned, labelled N+1.

nodes were relabelled, becoming N, etc.

became negative, the reverse procedure was applied.

The remaining

Similarly, when ér

In the

case where a new nodal point was assigned and labelled N+1,

the temperature for this new nodal point was calculated, using

linear interpolation between the temperature of nodal point N

)



- Figure 4.4 Schematic representation of the movement of the steel shell-

liquid steel interface Xt is the distance of last nodal point
from this interface at time t. The dashed line represents the

position for this interface at time t+8t.

g1
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and the melting point of steel (temperature of solid-liquid
steel interface).
The above notation is illustrated in figure 4.5. The

following equation gives the temperature of the newly assigned

. nodal point, N+l:

- - '
o - (Oy.p.pe DX + X - 0g) . (4.25)
N+1 Xt + DLX "
where Bﬁ+l: new temperature for new nodal point (N+1)

6gF new temperature'for the N nodal point

OM.P.Fe: steel melting point.

‘Referring again to figure 4.4 the finite difference

equation for thzliinite element corresponding to nodal point

N+1 therefore b

v - M (2N+1) - {2N-1)
ON+1 = eN+1{1 X, 2N Dx - M ——g }

mes:

B .
M.P.Fe 2N+1 - 2N-1
+ M Xt N DX + M W BN (4.26)

The M or Fourier Modulus appearing inQSiii;i6;; (4.22),

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

M- KDt (4.27)
p-Cp-sz
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On O+ "eMP. STEEL

r

Schematic representation of the linear interpolation between
the temperature of steel shell-liquid interface 8 and the

. . M.P.Fe
temperature of nodal point N (GN).
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thermal conductivity ¥ .
. N

where K:
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 inside an

this 1is taken into account through proper

elemental volume N
modification of the corresponding finite difference equation.
let us assume that heat is

Referring to f%qure 4.3
generated in the nodal point, N, at a rate of ﬁm per unit
volume. Writing a heat balance for nodal point N for unsteady-
state heat conduction between N and two adjacent nodal points

(N-1) yields the general eguation

(N+1) and
. . 2N-1 2N-3 (2N-1)
eN = By {1 Mgy — M 5pc 2} + M “fﬁ‘fr N+l
4
2N-3 " pt
M) -1 Y oTEp - (4.28)

heat generation per unit volume

where‘é :
. op: dg’iS'{ty /ﬁﬁ
i Cp: heat capacity {at constant pressure)
represents the generalized transformation of

Equation (4.28)
equation (4.3) into an equivalent finite difference form

During the heating of cylindrical additives, phase
titanium a can transform endothermically

‘changes may occur {i.e
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to B at 1155\K6r 882°C) .

The numerical model took this transforﬁation into
account in the following way. Thus, once the temperature at
nodal point N, GN' reached tﬁe transformation temperature qf
the addition, 8& was eomputed. The difference between B'

and the transformation point temperature 0 then accumu-

lated until it equalled or exceeded the fictitious temperature

change given by equation (4.29): L,J)/

prg, = IR BPpSS
ps ,
where AT&R: fictitious temperature change
Log: the latent heat of transformation of the addition
Cps: the heat capacity of the solid cylindrical

add%gionl

‘During the course of this accumulation process, 8, was always

N
reinitialized to GTR after each iteration. Once node N

accumulated a temperature increase equivalent to ATTR the
material comprising nodal point N was considered to be fully
transformed (i.e. transformation of titanium ¢ to titanium RB).
For a glven nodal point N, the M modulus ‘can have two
values, MN,N—l’ MN,N+1‘ The first corresponds to the centrally
directed heat flux.bearing nodal point N, i.e. the heat flux,
between nodal point N and N-1. The second value corresponds ¢

to the heat flux entering nodal point N, from N+l. The
LT .
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numerical values of these fluxeé/;;ll depend on the phases
existing at the adjacent nodal points (i.e. N and N+l or N

and N#£1).

For the o phase of the addition, the value for the M.'

modulus is given by the following formula:

Ka Dt
M = — (4.30)
o ‘ .

2
p CPu Dx

o

where K,: thermal conductivity of the o phase of the addiﬁ;dﬁ

CPa: heat capaciﬁy of the o phase.

o

For the £ phase of addition the M modulus becomes:

KB Dt )
MB = {4.31)
f CPB Dx
.where KB: thermal conductivity of B phase
CPB: heat capacity of B phase.

For the steel shell region, the M modulus is given L#:

Kpne Dt |
MFe = ,%) (4.32)
_ ' Dx ]

~ o C
.C;\

Fe “PFe
where KFe: thermal conductivity of steel (

- 3 ' 5
. Ppa’ density of steel _

CPFe: heat capacity of steel.

86
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When nodal point N is in the « phase and the adjacent

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

the following formula: e \\\N_e,;

g S T 5 g (4.33)

\

~ where the Ka—B is the equivalent thermal conductivity taken as:

2 K K
= a 8 . NN ,
KG—B = ~§T-qu; (4.34)

For the case in which a -nodal point N is in the B phase-

and the adjacent ncdal point is in the-a phase then

]
#

My, - (4.35)

Ky—g was given in equaticn (4.34)

-

The presence of a thermalhresistance between the
addition and the inner surface of the steel shell necessitates
thé modification of dimensionless humbérg M, which éfe applied
to the relevant numerical equations. ‘This thermal resistance
may. be a gas iayer or a thin'oxide film. For ﬁode}ling purposes
it is assumed thaE this.thermal resiétancew;s of negligible
thickness and heat capacity. In>the solidificatiop or melting

of the steel shell there are two distinct situations. The

first is depicted schematically in figure 4.6. 1In this case

/\
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Figure 4.6 A schematic representation of the steel shell interface for

a steel shell thickness of less than Dx units. o B
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there is no nodal point in the steel shell, since the shell

thickness is smaller than the rad%al nodal point distance.

The latter casé is illuﬁtratéd schematicaily in figure 4.7.

nge, thére 1s a nodal poinE in the steel shell, since the

shell thickness is greater thaﬁ the radiélnnodal point distance.
°

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

is expressed as:

. KFe
n - =
GFe = T A%re . (4.36)
where K : thermal conductivity of steel
X,: “steel shell thickness : \
., T ez .

;//// ABFe: temperature difference across the ‘steel shell.

The heat flux through the intérfacial'resistance is

iven as .
g -
n 1
dg = R 483 : '__ _ (4.37)
where R: thermal resistance ' : \

Afp: temperature difference across the thermal resistance.
P

The heat flux between the steel shell addition intg;féée

and the nodal point N+l was expressed as:

K

N " = . S l,‘
A+l T Bw/Z 4% (4-38;/5F
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where KS: thermal conductivity of addition

Aes: temperature difference across the steel shell

addition interface and the nodal point N+1.

For the heating period during which thermal resistance

operates, there is no accumulation or generation of heat across

the liguid-solid steel interface and the nodal point N+1, ég\

that heat fluxes must be equal. Hence,

k¥~
" = ~n - b n = eg
Ape = 9r T 9y+41 X, 88y otal

(4.39)

where Ke : the equivalent thermal conductivity

q

Xi: distance between nodal peint N+1 and liquid-steel

interface

A temperature difference across

total”

interface and the nodal point

From the definition of A0 the

total

is obtained: hﬁf/

Aetotal = AeFe + AGR + ABS

From equations (4.36), (4.37), (4.38), (4

following expression is derived:

liguid-solid steel

N+1.

following relation

.39)

(4.40)

and (4.40) the

2 K K. X
Keg = TFR X—T 7R e S o (4.41)
ed s 71 G s " Fe Fe .

91
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For the case which is depicted schematically in
figure 4.7, a similar procedure was followed. Referring to
figure 7 ﬁhe eqirivalent thermgllconductivity between nodal

&

points and N was expressed by:

2 Ks KFe DX

Keq ~ T, DX + 2 X K_ K, + DX K

) (4.42)
Fe

Note that this expression can be derived from (4.41)

if Xl = DX/2 and’Xt = Dx.

4.4.3 Stability and Accuracy

A critical feature%f any finite difference technique
is its stabili%y'and accuracy. For a numerical solution of
a finite differenee equation to be of any value, it is self-
evident that ifs sblution musi converge correctly. This
occurs (i.e. the accuracy improves) when the finite increments.
DX (distance between nodal points and Dt (time iteration step))

are decreased in size. Analysis shox.\lrs68”69’70

that a res-
trictive relationship between the size Dx and Dt exists when
using the explicit finite differenqg technique.

For cylinder coordinatéiy it is readily shown that the
modulus (M = K DT/p Cp Dx?) should pot be greater énaﬁ\o.zs.
If this criterion’'is not satisfied results become unstable
and'will oscillate from one time step to another, the term

(1-4M) 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
way. The temperature and the M modules for all nodal points
are initially assigned with values corresponding to the
initial temperatures and initial M modules for each material
used. Then over the next time step, Dt, the temperature of
all nodal points are recalculaéed using the figite difference
equations (4.22), (4.23), (4.26). The shell fhickness is
calculated using equation (4.24). After that, the correspon-
ding M modules 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 v
computing language, compiled with FORTRAN H compiler and
executed on an AMDAHL V7 computef. "A list of this program

along with all symbols appears in Appendix IV.

[p]

4.5 COMPARISONS OF NUMERICAL MCDEL PREDICTIONS WITH ANALYTICAL
. = [ g

SOLUTIONS
In mathematical modelling it is essential. to demonstrate
general validity by comparing a model's predictions with any
: v o

caseg 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 infinite length and zero initial
temperature has its surface maintained at ea, a constant,
for t > 0, the solution for the transient temperature field

is given by7l:

@ =BiT J_(rg_/a)
g~=1-2 re n .0 _n (4.43)

1 Bn Jl Bn

where a: cylinder radius

k: thermal diffusivity

T: kt/a?l

0: température of cylinder at radius r
Jo(x): Bessel function of the first kind of qrder Zero
Jl(x): Bessel function of the first kind of order one

Bn: n 1l,2,.... are the roots of JO(B) =0 (4.44)

The sum of the right hand side of equation {4.43) was

computed from the first eight terms, the roots for eguation

(4.44) being obtained from reference 72. The solution to

equation (4.43) is given in feference 71 in graphical form.
Owing to the uncertainty in reading values frgﬁ these plots,
computer 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 in a cylinder of
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radius a with zero initial temperature and surface temperature

g .
a

{i.e. equation 4.43).

The solid lines show the results of analytical solution

The points depict results of the numerical

model. 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.

4.,5.2 Case 2: Infinite Cylinder with dght Generated Within It
L N

Consider the case of an infinitg¢ cylinder of diameter a,

at zero initial temperature with constant heat generation at

a rate Qg per unit time and per/unit volume at t > 0. The

73

ANy

temperature on the insrde~of-the cylinder is then given by

2_ .2 . - 2
_ Qo(a red 2Q0 kant Jo(r an)
B = - L e (4.45)
4K aK -1 a3 T (a a )
n= 1 n
Substituting a a« = B and kt/a? =T ,

the following equation is derived:

2 w —BiT J.(r B_/a)
4 K S -1- & -8ze " g n ©(4.46)
Q a n=1 Bp Tq (By)

where K: thermal conductivity
: a: cylinder radius :
(/m\\e: temperature of cylinder at radius r
The solution to equation (4.46) is given in reference 73
in a graphical form. As before, due to uncertainties in

reading values from these plots, computer programs were

written so that particular solutions to the equation (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 sofutions is excellent.

4.5.3 Case 3: Exact Solution of Freezing Boundary with

Cylindrical Symmetry

Carslaw and Jaeger74 present at:jféixﬁ%cal solution for
the problem of freezing with cylindrical symmetry. Consider

the case where the surface of separation between the solid '
and liquid phases is at{radidus r =_R(t):. The liquid region
has the thermal constants p, CPl' Kl’ ai and exists for r > R.
The solid regions exists for r < R and is assigned thermal

constants p, C Ks’ a- If ez(r) and Bl(r) are the tempera-

Ps’
tures in the liguid and solid regions respectively and emp is
the melting point, the boundary conditions at r = R are:

~

0, = 8 = 9% \\, (4.45)

d0 .
2 dR ‘
Kror =M e g . (4.46)

and

K
S

381 )
or
where LH: latent heat of solidification

p: density

For the case of a 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 solid region is given by
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depict results of the numerical model. The numbers on the
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the following formula:

2

~ _ __Q___ 3 r _ s 12 '
\] 0y (r) = 8+ ”K;)m( EK_S‘E) Ei(-1%)) (4.47)
for 0 <r <R

The temperature distribution in the liquid region is given by:

- (em - 8 ) ,
0,(r) = 8 - — S
- Ei(—AzaS/al) !

tor r >R . ///
where : S E
R = 2A(ast)’—‘ \(4.49)

A is the root of.

) (4.48)

12 K. (8 -8_) =-ix%a /a
e 4 L= MP” o s"7L e a_ LH o (4.50)

s r_12
Ei(-A as/al)

2°

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

defined as

Ei(x)::'s e a4y (4.51)

LH: the latent heat of solidification.

s & .
Initial conditions (t = 0) at the central axis (R = 0) are

that 02 = 0,5 il.e. at the heginning of freezing, the whole

¥

region at r > 0 is liquid with a temperature 8_. For t > 0y
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-

’ .391
lim{(ZNrKs) a—.'l'.‘_} = Q i (4.52)

. r + 0

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 equation (4.50) has only one

positive root. The 'secant' method76 was used in order to ‘
find the roét of equation (4.50). “In this way, the propagation
of a fusioﬁnboundary can be expressed by equation (4.49).

This solution was also used iﬂfofde; to check the
accuracy of the author's ﬁumerical model. Thus, by predicting
the advance of a solidifying front at the steel. shell {radius
L figure 4.1), analytically equivalent computations cou;d
be checked.

For a given of Q in.equation (4.50) a value of A was
computed using the 'secant' method. By using equation ({-49);

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

_ EIne
solid-liquid interface being at a specified radius Rl. The
temperature profile in the solid region was galculated\usiné

equation (4.47). This profile was then used as initial con-
\

ditions in the numerical model. 1In order to simulate precisely 5
the conditions of the line source along the cylinder axis
whichlare expressed in equatioﬁ (4.52), thé”témﬁeféture.of
nodal point 1 (figure 4.3) was computed using equation (4.47)

-

at every iteration step. Figure 4.10 presents results-from
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g . the analytical and numerical solupions-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 are two categories’in the experimental and
theoretical studies of natural convection. The first is
" uniform heat flux between the convecting fluid and the solid -

plateg;énd the ' second is uniform surface temperature of the

» 50lid. The latter case corresponds to'conditibﬂs for the
present study: the constant temperature represents the melting
point teﬁperature of the S?lid in contact with.tﬂe liguyid. 1t
is assumed the laminar flow conditions in liquid metals

9

prevail up to Gr Pr (Rayleigh number) = 107, the transition

value reborted by Holman.81 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@,Usagigo for a uniform surface

-

.
temperature was used.

~.

" 0.503 (Gr,pr) %2> -
‘Nux, flat plate = 5716 - _ (4.53)
‘ - ,0.492 4/9
(L + ¢ ) )
» Pr

3
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Sparrow and Gregg77 and Cebeci78 have computed the -

deviation that will cccur between local Nusselt numbers for

v

cylinders and flat plates, owing.ﬁo curvature of the former.
Cebeci78 extended the results of Sparrow and Gregg77 to fluids

having Prandtl numbers as low as 0.0l. Some of these daﬁg of

78

Cebeci was correlated by Mucciérdi79, using the least square

technique, to give:

Nux,cylinder
Nux,flqt plate

0.42

- 0.2672 ¢ Pr_ 0.02

+ 1.011 Pr

(4.54)
where Nuk,cylinder: the ;ocal_gusselt number, x units from’
the leading edge. of a vertical cylinder;.
Nu_,flat plété: the local Nussélt number, x units from
the leading edge of a vertical plate;
x: the distance from the leading edge;
r: the radius of the cylinder
er: the local Grashof number
£: the dimensionless tranverse-curvature parameter

~

which is defined as:

2/2 x : ‘
€ = —3.25 (¢ ' » (8-53)
Gr
X
‘ Thus, the appropriate final expression for estimating- i

' L]
heat fluxes around cylindrical bodies is arrived at by combining

the equations (4.53), (4.54) and (4.55).
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i —0.a2 27
.Nux,chlnder = 0.2672 Pr E;_ﬁT§§ (E)
X

’ W

0.503(cr_pr)%+ 2> )
x + 1.011 Pr
0.492 /16 4 /9

. (1+(—PR) )

0.25

0.02

q.SOB(GrXPr)

0.492)9/16)4/9

Pr

X

(4.56)
(T + {

The reliability of these correlations have been estab-
lished in independent work46'€7'?9 where solid/ligquid metal
systems were studied that involved natural convective heat
transfer to veréical cylindrical surfaces of uniform surface

temperature.

4.6.2 Turbulent Flow

Experimental heat transfe; data and rg@ommended cor-

relations reported by wvarious author584'85’86’87

show signifi-
cant écatter (i.e. =40%).  While the present experiments were
carried out under conditlions dominated by laminar flow,
,.tﬁrbulent natural conﬁéction heat transfer.coefficiegts can be
‘estimated on the basis of the following correlation:

a

Nu = 0.10(Ra)>/? o (4.57)

where Ra: Rayleigh number.
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Equation (4.57) was derived from experimental work of Warner

and Arpaci88 and it is in remarkable agreement wjth the

analytical correlation of Bayley.83 Holma tends the

ers up to 1013.

4.7 HEAT TRANSFER MODEL FOR ESTIMATION OF A CYLINDER'S

THERMAL CONDUCTIVITY

A numer{;al model waé developed in order to estimate
the thermal conductivitf of titanium. 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 temperatufes
in the cylinder were measured, oﬁe at the center aﬁd the other
close to the cylinder's edge. It is then possible to éolve
equation (4.5) numerically using as one boundary condition
the  measured time-temperature relafibnship close to the
cylinder's edge and the fact that 36/0r = 0 at r = O. TngD
the model accepts as an input parameter the near surfaces
temperature-time rélationsﬁip to compute the centerline temper-
ature for a given thermal conductivity. The thermal conductiv-
ity best fitting the measured and predicted centerling tempera-

tures then provides a good estimate (=t3%) of the cyl;Qder's

thermal conductivity over the temperature range investigated.

-



CHAPTER 5
RESULTS AND DISCUSSION ON TITANIUM DISSOLUTION

\\ IN LIQUID STEEL
. “f

5.1 INTRODUCTION

In this chapter, the experiment&dl results obtained for '
the dissolution of gitanium in liquid steel are discussed.
Two sets of immersion tests were carried out. The first set
involved simple dipping experiments in.which titanium cylinde
were immersed in liquid stéel for different time\periods.
gpey were then withdrawn and the steel shell thicknesses and
E%e 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 3.81 cm to 1.905 cm.

The second set of immersion tests involved 'the dipping
of titanium cylinders togéther with simultaneous monitoring
of cylinder and steel bath temperatures, and displaced WEight
during the dissolution. Thirty-eight cylinders were used for
this set. The cylindef diameter ranged from 5.08.cm to
2.54 cm. For the cylinders with a 2.54 cm diameter only the
center line temperature was measuréd while for the larger
diameter cylinders {i.e. 3.8l cm and 5.08 cm) temperatures
at two locations were meaéured: one at thec:centerline, the

other at a position closé to the edge of the cylinder.
- : ]
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In;a- further series of tests, the reaction starting

3

temperature 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. 1In the fqllowing section a typical experimental
result-is'analyzed together with model prediétions gnd two
periods of ‘dissclution are identified. In the later sections
of this chapter, detailed analysis of the two dissolutign
periods 1is carried out. ‘Finally, in Appendix I;.typical
re;ults for the second set of immersion tests are pr%éénﬁéd
in graphical form. ﬁt the end of Appendix I a gqualitative
simulation of "‘titanium dissolution in liquiﬁ steel using the

Calcomp 663 digital plotter is presented.

5.2 TITANIUM THERMAL CONDUCTIVITY AT ELEVATED TEMPERATURES

The the;mal conductivity of titanium used in the present
tests (AéTM B 348 Grade 2) is reported‘}89 to be 0:16 w/cm K
at room temperature.. However, this p;gperty is not known
for.higher temperatures and the recommended values for
thermal cqnddctivity for well-annealed high purity poly-
crystalline titanium shows considerable change (according to

Ho et al.go

) .. especially at elevated temperatures. The
-numerical model described in section 4.7 was used for acquiring

the necessary information on metal conductivity.

-
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Figures 5.1 and 5.2 show two typical applications of

the numerical model discussed in section 4.7. The heat

91

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

at room temperature was taken ffom reference (55). The
density at higher temperatures was evaluated from McCoy'sg2
thermal expansion data assuming isotropic thermal expansion.
Curve 3 in Figure 5.%n§hows the results obtained fro;hthe
present study. The estimated error in these results is 5%
for temperatures up to 1600 K. Unfo;Eunately, no data on
thermal expansion at higher temperatures. For the range of
1600 K to 1700 K the thermal diffusivity was evaluated and

it was found to be 0.0855 x 10_4 m?/fsec + 0.004 x .'1.0.-4 m? /sec.

T

Referring to E%gﬁEEfETE{/;;; scattéf which exists ;n
the literatﬁre on titanium thermalhcoﬁ&ﬁctivitﬁ‘lies begween
curves la and lb. Line 2 is that recommended by Ho et al.90
for hﬁﬁﬁﬁpﬁrity\polycrystalline titéﬁium. The.fact that
the estiﬁated thermal conductivity is lower.than that recom- *
mended for high purity titanium can be attributed to the small
amount of impurities present in the titanium which was avail-

able for use.

5.3 REACTION AT THE STEEL SHELL AND TITANIUM INTERFACE

1

‘Preliminary 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 some preliminary tests, efforts

~

f
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Figure 5.4 Cross scetion of a titaniom cylinder (2,94 cm diameter) with
surrounding steel shell and gle reaction zone sandwiched in
between.



were aimed at finding when and how the exothermic reaction
between steel and titanium starts.

+

Composite samples of iron and titanium were heated
inductively. The preparation of these samélés‘;s desceribed
in Chapter 3. ‘The iqput power to the coil was kept at 9 (kw)
throughout the heating history of the sample. The result is
presented in Figure 5.5, The slope of the curve decreases |
with time and after 120 seconds the heating curve bécomes
horizontal. This is due to the increased radiant he%t losses
from thé specimen. When the input power to the 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, aftér 62 seconds of heating and when
_;hg:temperaturé was approximately 1190°C (1463 K), the slope

b .
of the heating curve .showed an increase and became erratic.

5
’ﬁ'

During this perieod a viglent reaction between iron and
titanium was observed (Figure 5.7). -

In an earlier thermodynamic study, Kubaschewski and
Dench93 observed that equi-atomic mixtﬁ?es of iron and titanium
would react at about 1090°C (1363 %5, the eutectic temperature.
The difference between starting reaction temperatures of the
present studf?and that of Kubaschewski and Déncp can be attri—'
buted to the different experimental conditions and materials
used.

\Emp set of immgrsion tests involved simple dipping

experiments in which titanium cylinders 2.54 cm in diameter
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aﬁd 15 cm in length were immersed to within 1.0 cm of their
top surfaces. Immersion time periods ranged from 5.to 15
seconds. Initial steel bath temperature varied between

1580°C {1853 K) and 1600°C k1873 K}). The cylinders were
withdrawn and.rapidly gquenched 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. Refer;ing to Table 5.1,
it is clear that the composition of the reaction zone lies
around Ehe 60 wt% iron.

The relative,dblumetric amounts of iron and titanium
which had.reacted at the original steel shell—titaniumwinter-
face could be found by measuring final reaction parameters
at the inside bouﬁdary of the steel shell and at the titanium
boundary. An electronic digitizer (Numonics Model 122§) was
used for the task. A typical éample can he seen in Figure 5.4.
:From‘this analysis it was found that the_felative welght of
steel shell in the reaction was 60%,with titanium at 40%
making up the balance.

Consequently, in interpreting‘these phenomena, one ban
conélude that reaction between iron and titanium starts
around.the eutectic temperature in very pure well-packed
mixtures.93 The same reaction starts at slightly higher
‘temperatures when the interfacial contact is eithef imperfect
or Qhen'a;T;xide film coats the interface. The eutectic
liguid provides the necessary trigger fO; the internal exo-

¢

thermic dissolution reaction to proceed. The composition of
./b/'_.
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TABLE 5.1

" REACTION ZONE ANALYSIS

Steel Bath Temperature 1580°C (1853 K)

- Immersion Time - 10 sec.:
Fe$ Ti%

59.6 33.2°

55.2 36.3

. 57.0, 32.9

59.6 30.7

63.9 28.1

63.0 27.2

Steel Bath Temperature 1580°C (1853 K)

Immersion;Time - 15 sec.
w
Fe$ Ti%
56.5 42.0
2.6 25.8
53.9 42.9

Steel Bath Temperature 1600°C (1873 K)-

Immersion Time - 5 sec.
) Fe% Ti%
65.4 “28.1
57.2 35.6 .
63.4 28.3
52.8 40.1
6L.4 32.9 -

Steel Bath Temperature 1600°C (1873 K)

Immersion Time - 10 .sec.

Fe%

54.1
51.2
63.0

Ti%

37.9
44.3
31.6

¢
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iron and reacticn zone during this disscolution remains e

“around 60 wt% Fe and 40 wt% Ti.

5.4 INTERPRETATION OF DATA FROM THE DISSOLUTION EXPERIMENTS

~Using the force ﬁonitoring equipment described in
Chapter 3, the load cell] registers én 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 éct on the load cell

when a cylinder is immersed in ligquid steel.

Mathematically the above can be expressed as follows:

Fxor = Fg ™ Fa (5-1)
where Fy..: Net downward force. This is the force which
the load cell registers; )
FG: Gravitational forée;
FB: Buoyancy force.

The gravitational force FG can be exgressed by the following
egquation:

il

= . .q + .. . .
Fe = Varr Pri,s 9 * Vimm Py 579 (5-2)

where V,.p.: The volume of one portion of the cylinder which
is outside of the liquid steel during the dis-

solution in m?;

<
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Flgurc 5.8 Schematic representation of forces which are applLEd to
load cell.
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Vimm’ The volume of the other portion of the cylinder
which is inside the liquid steel during the dis-
solution in m?;

Ppi.s® Density of the titanium cylinder, kg/m?;

g: Gravitational constant 9.81 m/s?

»

The term FB describes the buoyancy forces. According
to Archimedes' 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_ =V

: P g9 {(5.3) ~
B imm Fe,l}‘

where-pFe Density of the liguid steel.
r

l:

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

A I _ o
Fyor = Varr.Pri,s 9% Viom Pri,s 97 Viom Pre,1 %
- (5.4)
Differentiating equation (5.4) with respect to time and
assuming that the dJ.ffcerence_(oTivs - ”Fe,L+\}S constant
(i.e. independent of time)
dﬁ Y
Dwor L Tinw () g (5.5)
dt dt Ti,s Fe,l :

™
Figure 5.9 depicts some typical results for the titanium

dissolution experimeqts. The diameter of the cylinder was

S
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5.08 cm (2') an? {Fs }ength 20 cm. The two thermocouples
were 9 cm away from the cylinder’'s bottom.

Curve one of figure 5.9 shows the force.registered on
'the load cell during the dissolution experiment. The data
acquisition';ystem stafted monitoring the dissolution para-
meters a few seconds before the immersion of the titanium
cylinder inte liquid steel.” During the period AB the load
cell registers only the gravitational forces. When the |
leading edge of the titanium cylinder touches the surfaceiof
the steel bath the force which the load cell monitors étarts
to decrease. This is due to the increase in the buoyancy
forced 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 ;rOund
the cylinder. The force registered by the load cell remains
constant during this period. It traﬁspires that the expansion-
of titanium cylingzr and the freezing of a solid steel shell
tend.to compensate each other sb that only minor effects are
c;éxggd on the overalifgorce balance provided they écc;r
simultaneously. ) '

The segment DE of line one shows the free dissolution
period where there iS_nb frozen steél shell around the titanium
cylinder. During this period the volume of the titanium

cylinder decreases due to dissolution and conseqﬁently the

buoyancy forces also decrease (Equation 5.3). The net result
) "‘ .. " . .- /
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is ;hat the force which the load cell registers increases
during this period. The dissolution of titanium cylinder
ends at the point where the.segment EF of 1iqe one starté.
Curve two of Figure 5.9 shows measured steel bath tem-
pcratures. The same line is'ﬁlotted in Figure 5.10 on an
expanded scale. It is clear tha? the steel bath temperature
aec;eagéélwith timé up' to 78th second mark and. that this must
be largely due to heat losses from the steel bath since the
powe£~yg§ turnéd off during an experiment. However, following
Jthe'7§th second, é sharp increase in the steel bath temperature
is to beuobserved. This fact can only be attributed to the
exothermic effects of titanium as it disperses into the liquid
" steel during dissolution.
Lines three andrfgﬁr show exper;mental and predictive
" temperatures in the iﬁtefio% of the titanium cylinder. The
s0lid lines represent predictions while the_points show the
measured temperétures. Curve four shows theltemperature at
vertical axis of the cylinder and while curve three represents
temperatures at a distance 1.95 cm away from the cylinder's
vertical axis. Time zero for tfe cylinder's temperatures
is taken as the half way point between the instant and com-
pletion of the initial immersion (i.e. points B and 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 in the rate of temperatufe rise then
follows up to the thirth—sevénth second. The cause for this
slowed aé&cﬁt can be explained in terhs of the endothermic
transformation of a-Ti to B~Ti. This occurs at a temperature
of 882°C (1155 K). As seen there is a very good agreement
between experimental and predicted temperatures.

Line three of figure 5.9 shows measured and predicted
temperatures at a radial distance of 1.95 cm from the cylinder's
vertical axis. An increase in the rate of temperature rise

o,

is obsecrved

fter the eighteenth second, and this can be

attrib téd to\ the heat which is generated from the exothermic

reaction of—iron and titanium at the steel shell-titanium
interface.

The dissolution of titanium in liquid steel involves
two distinct pefiods. 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

j (a2,b) show where each one of the ahove periodgustart. The
steel shell period lies bétween a and b while the free dis-
solution period starts at b and ends at c. In the nex£

sections of this chapter these periods are analyzed in more

detail.

5.4.1 Tests for Consistency of Results r

K Consistency tests of the load cell tTesults were performed

a -

for each cylinder immersion test. Thus, the immersion length
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for each cylindér could be found by.measuring its length .
prior'to and folloﬁing imm?rsioﬁ. From the immersion length,
the vélﬁmé of the cylinder which had been immersed was found.
Then using the eguation k5.4), the expected net downward. T
force was calculated. Referring to Figure 5.9, the diffefeﬁce
between the net downward force-at point B and C of curve one
were within 5% of that calculatéd.

Second, the difference between the registéred férce ét
D aqd E must be equal with that calculated from eguation (5.3)
within é% error. i

An experimental run was rejected if it failed one of
these tes£>. For these reasons, about 10% of the experimental
runs were rejected. Typical causes would be: slag freezing
onto the éylindef at the melt line, cyiinders hitting or

touching the sides of the crucible.

i

5.4.2 Accuracy of the Method

The accuracy of the method dépends upon the difference

- between the steel bath density and the density of individual
elemen£ tégfed. The larger this aifference, the higher the
accuracy of the displaced welght Tmeasurements. In this respect
the accuracy of estimation of volumetric change of addition
during the dissolution can be found using eqﬁétion (5.5},

data supplied from Table 3.1 and the éécuracy of weight éensor.

In the case of the titanium cylinders for example, the volu—

metric change could be estimated within an accuracy of ®1.3 cm’.

". For vanadium cylinders, volumes were within #3.1 cm? 2

- ’

2
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Vad
Consequently, this method can be applied with greatest

R
accuracy to additions whose densities are most different
from that of steel (e.g. Si, Al, Ti, Mg, W, B). 1Its appli-

cability substantially lessens in those cases where addition

densities approaching that of the steel bath.

' -
5.5 APPLICATION OF THE MATHEMATICAL MODEL

From the fofegoing discussion it‘is clear that the
phenomena‘ogcurrihg during the dissolution of titanium in
molten steel are quite complex. lNevégtbeless, it will be shown
that a semi—empiricai heat and mass transfer model of the -
dissolution process can provide good predictions.

Evidently, any such model must incorpeorate the essential
elements of the phenomena involved. Thus, the model was used
to estimate first the intefnal heat generation during steel
shell period and second, the inwards directea heat flux during

the free dissolution pericd.

5.5.1 Estimation of Internal Heat Generation during Steel

Shell Period

In the absence of detailed information about the internal

heat géneration during the steel shell period, it was decided
to postulate this in its simplest form by considering that

there is a constant rate of heat generation at r, in Figure 4.2,

1
the original steel shell interface. This heat generation is
caused by the erosion of the steel shell by a constant flux

of dissolved titanium supplied by the dissolvihg titanium
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= . - L. . ) P
.cofe. Equagion (4.15) in CRapter 4 represents the relevant
mathématical'expression. In expressing egquation (4.15f

ﬁhmerically, the term Q&EN has to be applied to a small but

~ finite elemental volume DV. 1In order to estimate an equivalent

planar heat source the following equation can be applied:

I

Q! . (DA) = Q7 (DV) , , . (5.6)

GEN

where DV: elemental volume
0”:  heat generation term per unit volume .and per unip
) time
DA:  surface of elemental volume DV

C.Q&E;I\f pianar heat source per unit surface and per unit

‘time
|

Figure 5.11 shows temperature time_results obtained for
a 2.54 cm diameter‘tiﬁanium cylinder placed in a bath of steel
at 1590°C (1863 K). TFor comparison the continuous:curve one
was generated on the bééis of the mathematical model, taking
the rate of heat géneration at the steel shell titanium inter-
face as zero throughout the dissolution process. Thé end of
the predicted curve one (afrow d) denotes the time at which
the encasing steel shell will havé éntirely melted back to
expése solid £itaniuﬁ. : - . 7

Curve two denotes éxperiﬁental results and model bre—
dictions taking the rate of iﬁtérnal heat generation equal

9.5 cal s+ cm 2 (3.97 x 10° w m_z). 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 secq).
Curve three presents model predictions taking-the rate of

internal heat generation at the interface equal to 10.5 cal

-1 -2 5 2
s

cm or (4.39 x 10 ). Arrow ¢ points Sut the time

-2

W m

at which the steel shell period ends at the 10.5 cal s_l cm

7

or (4.39 x 105-w m ).
The results of fif'teen different cylinders were analysed

in the same way. The rate of heat generation so deduced varied

— - : \ , - - —
from 8 cal s 1 cm 2 or {3.34 x 105 W om 2} to 11 cal s 1 cn 2 or

5

(4.60 x 107 w m,z). From these values an éffective-mass trans-
fer coefficient for titanium could be estimated. The relevant
procedures used are descFibed in Appendix IIT. iﬁ.this.manner,
the estimated mass transfef coefficient of titénium ranged

from 0.025 to 0.035 cm s1 i or (2.5 x 107% to

3.5 x 10_'4 m s_l}.‘ In a similar way the estimated mass trans-
fer coefficient for iron ranged from\9,024 to 0.033 cm s * or

4 to 3.3 ><'lOm“q m sql).

(2.4 x 10
Réfé:ping to Figure 5.li; éurves one,' two and three tend
to give diffépqnt 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
reéched a certain teﬁperature céi&ed 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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L4

1090°C (1363 K) for any prediction pfesented in this chapter.

The interfacial thermal resistance was taken equal to

2 1 4

. - - 2 _
10 cm™ s °C cal (2.39 x 10 m KW l)_throughout the.

analysis. This value is not an arbitrary taken constant but

-

-

-~ a value which was estimated dn the basis of previous work on

- 79,49

this subject. ~The convective heat flux from the steel

-

bath to the titanidm cylinder was determined on the basis of

the experimental dimensionless correlations presented in

Section 4.6.

5.5.2 Estimation of Heat Generation during the Free

‘d -
Dissolution Pericd

LY

'Durigg 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 cond%tions of free dissolution the -convective heat flux
to the cylinder's surface cannot be evaluated using the cor-
relations presented in Section 4.6. In fact, practically no
information is available on heat transfer characteristicsv.
for this class df-dissolution prq@lem.‘ Szekely aﬁd Chaung95
in seme low\Femperature experimental work studied the acqelef—
ated melting of ice spheres imysulfuric acid and provide a

gualitative explanation based on a higher temperature within

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

1

The higher temperature region fesulted from the exothermic heat

of mixing of water in sulfuric acid.
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In the free dissolution pe; iod, the interfacial heat flux
directed towards the dissolving titanium interface and ‘from
this interface into the .body of undissolved titanium cylinder

must be equal. The relevant mathematical statement is equation

5.7:
30 T
. ‘ I .
where'KTj: thermal conductivity of titanium;

épr= inwardly directed externél_heaf flux for the

free dissolution of titanium in liquid steel.

This heat flux ‘(i.e. éEFD) is respongiblé for the rapid temp-
erature increase which is observed in the center of the
titanium cylinder (see Figure 5.9, curve four) during the free
dissolution period. It is clear from this curve that the
temperature in the cylinder center exceeds the steel bath
tempenaﬁure after a certain time. In the absence of any infor-
mation about the magnitude of éEFD it was decided to postulaté
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 cylindexr. The rate at which
the dissolving interface moves can be easily calculated as

follows. Refégring to FAgure 5.8, the volume of the immersed

portion of the ti cylinder can be expressed as:



1.34

V. =mzr?h - - (5.8)

where r: cylinder radius

h: immersed cylinder length

Substituting eguation (5.8) into (5.5), equation (5.5) can

be writﬁen:

dr
NDF _ d{wxr?h) _ _
at - ac  Ppi,s. T Ppe,1) 9 (5.9)

assuming that the dissolution takes place in the radial -
direction conly. This assumption is valid in view of special
precautions which weré taken to that effect {(see Chapter 3).

Consequently, eduation (5.9) can be written as:

dr

NDF _ . d(r?) _
@ - "M aE (?Ti,s Pre,1) 9
or
aF
NDF _ , . _ dr _
gt = 2"hr FE (Ppy o T Ppe,1) 9 (5.10)

Equation 5.10 shows how the radial velocity of the dis-.
solving interface ﬁaries in relation to the rate at which
the net downward force the load changes. The mathematical
model in the free dissolution period‘runsfih a coupled heat
and mass transfer manner as follows: From the measured
change in the net downward force_JFigure 5.9 curve one) the

rate at which the dissolving interﬁaée moves can be calculated
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using equation (5.10). For a given éEFD’ the centerline .

temperatures can be predicted. The value of g which gives

"
IFD
predictions proViding the best fit for the measured center-

line temperatures provides éEFD_for the given experimental

conditions. It is important to note that éEFD relates solely

to the inwardly directed heat £flux.
The rate of inwardly directed external heat generation
during the free dissolution period was found to lie between

— - -2

6.5 and 10 cal s_l cm 2-or (2.72 x 105 and 4.186 x lO? w m{_).

5.6 STEEL SHELL PERICD -

In order to study the steel shell pe;iod,in a more
detaijiled ménner, three sets of immersion tests wefe carried
out using titanium cylinders. These tests involved simple

dipping experiments of titanium cylinders for specific times..
The cflinders were then withdrawn, cross-sectioned, and steel
shell thicknesses and internal reaction zones measured.

The first set of immersion tests involved titanium
cylinders 2.54 cm in diameter and 20 cm ip-length. These
cylinders wére immersed to within 1.5 cm of their top surface.
Immersion time perfods ranged from 5 to 20 seconds. The
initial steel bath temperature during these experiments was
1580°C (1853 K) and the bath cooling rate was equal to 0.3°C/
sec. Figure 5.12 shows photographs of tﬁe cylinder's cross-—

sections following immersion. As seen, cylinder D had only

-~ a stqél,shell in its upper part. This was due to the steel.

S
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Figure 5.12  Titanium cylinders 2,54 em in diameter immersed in steel

bath of initial temperature [580°C (1853 K) for different
time periods. A =5 sce, B = 10 sec, € = 15 sec,” D = 20 see.
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shell bregking aﬁd-slig 'ng-off during withdrawal. Neverthe-
less, the diameter of the séeel shell was ﬁeasured ﬁrom the

- part which remainéd around the cylinde®. It is worth noting
at this point that the cylindrical shape is maintained for
iong immersion periods (i.e. cylinder D). This justifies the
adoption of a one dimensional model. |

Experimental and theoretical (i.e. predibtéd) results
.are_shown in Figure 5.13. Line onegshows how the outer radius
of thé cylinder changed with time. Ehe dotted line two
‘aepicts the initial radius of the cylinder. The dashed lines
three and four present the predicted extént of the inﬁernal
exothermic dissolution reac£ion and gives the locéﬁion of
the steel shell and titanium interfaces, respectiﬁely. As i
seen, the predicted location of]the steel shell/liquié‘steel
intqrfacé aﬁd that of the inner steel shell boundary agree
very well with the experiméntal data indicating that heat
flux estimates at the outer and inner steel shell su}faceé
are both independently correct.

In the second set of immersion tests, cylinders 1.905 cm
in diameter and 16.5 cm in length were immersed imnm liquid
‘steel to within 1.0 cm of their top surface. Immersion
periods ranged from 5 te 15 sec. The iﬁitial steel bath
temperature during these experimenﬁs was 1580°C (1853 K)‘with
a steel bath cooling rate equal to“p.23°C/sec. Figure 5.14
shoﬁs cfoss sections of these cylinders after immefs;on while
Figure 5.15 depicts‘éxperiﬁental and theoretical results for

this set of experiments.

w
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Figure'5.13 Experimental and predicted results obtained from
set of immersion tests.

| 1) Predicted radius;
2) Initial radius; }
3) Predicted reaction line in the steel shell;
4) Predicted reaction line in the titanium.
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FigureAS.iA Titanium cylinders 1.905 cm in diameter immersed in WJ
- steel bath. Pictures A and B show sectioned titanium
eylinders. Picture C depicts .the whole cylinder.
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Experimental and theoretical results obtained from the
second set of immersion testg.

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 fhe third set of immersion tests, cylinders 3.81 cm

in diameter and 16:5'cm in.len. h were immersgd in liguid
steel to within 1.0 cm of. their top surface. Immersion time
periods ranged from $ to 10 séc; The initial steel bath
temperature dﬁring thesé experiments was 1580°C (1853 K} with
a . steel bath cooiing rate of 0.32°C/sec. Figure 5.16 presents
cross sections of these cylinders while figure 5.17 shows

’ predicted and experimental resu}ts.

The fourth set of immersion tests involved titanium -
cylinders 3.81 cm in'diameter and 16.5 cﬁ in length. These
cylinders were immersed to within 1.0 cm of their top surface.
Immers%gn time periods ranged between 5 to 15'sec. The
initial steel bath temperature during these experiments was
1600°C (1873 K) with a steel baéh cooling rate equal to
0.32°C/sec. Figure 5.18 shows cross sections of these

cylinders while Figure 5.19 presents the experimental and

theoretical results obtained in a graphical form.

t

5.7 FREE DISSOLUTION PERIOD

Referring to Figure 5.9, the radius of the titanium
cylinder during the free dissolution period (i.e. from D to E,
curve one) was deduced on the basis of equation (5.10). These
results are plotted in Figure 5.20. Line two shows the
initial cylinder dlameter. The steel-shell period starts at

A and finishes at B, while the free dissolution period com-

mences at B and ends at'D. A very important feature to be

5
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Figure 5.16 Cross scctions of titpnium cylinders 3.81 cm in diameter
immersed in steel bath from the third set of immersion
tests. ‘
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Figure 5.17 Experimental and theoretical results obtained from
third set of immersion tests.

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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Figure 5.18 Cross sections of titanium cylinders 3.81 cm in diameter
immersed in steel bath.
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Experimental vand theoretical results obtained from the

fourth set of immersion tests.

RN

1) Predicted cylinder radius;

2) Initial cylinder radius;

3) Predicted reaction line in the steel shell;
4) Predicted reaction line in titanium
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Predicted cylinder radius for a typical tltanlum
dissolution experiment.
1) Predicted cylinder radius;
2) Initial cylinder radius;&y
AB) Steel shell period;
BCD) Free dissolution period; ’/f
BC) Dissolution;
CD) Melting.
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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
dramaéicallg during the final stages of free dissolution as
is evident from Figure 5;20. Examination 6f the tgmperatﬁ;e
profiles computed during the free dissolutidn‘péiiod has
shown that the temperature of the dissolving titanium inter- ga
face lncreases. 5uring the early stages of 'free.dissolution'
the temperature of the dissolving Ti interface is.lowef_thén
titanium's melting temperature. As the free dissolution
proceeds, the calculated surface temperatures at the diséol—
ving interface'approach the melting point temperature 6f
titanium. Referring to Figure 5.20, the computed temperature
-at the dissolving interface increases between points B and C,
approaching gltanium's melting point at C. It is for this
reason that the rate of decrease in cylinder radius increases
dramatically (Section CD 6n 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 dissolugion,and melting periods. It is worth noting
at this point that dﬁrihg the free dissolution period an
increasing degree of turbulence 1is o be observed in the

-

plume of rising steel surrounding the cylinder.
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‘ In the free dissolution period the heat which ié
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 g
recall that since a small amount of titanium is being mixed
_with'a }arge quantityfof liquid steel, the heat of mixing ﬂ
should closely approximate the partial molar enthalpy of:

the system. This partial molar enthalpy wag calculated fromn
'-reference 61l to be equal 14.9 k cal/mole of titanium.

Referring to Figure 5.20, an average molar flux duriﬁg
the free dissolution was deduced at discrete time intervals
duringlthe dissolution period. From these values, theutotal
heat generated at the vicinity of dissolving titanium inter-

face was estimated using the following formula:

Total - SHpi *Npp 1 . A (5.11)

where AﬁTi: partial molar enthalpy of mixing of titanium

”»

with liguid steel.

NED: molar flux of dissolving titaniﬁm.

. "‘ 0 . - *
The QTotaI term contains two components: the first is

'the inwards directed heat flux é (i.e. towards to dissol-

ir
IFD
ving titanium interface) and the second is the outwards

.

directed heat flux éBFD (i.e. towards the steel-+bath). The

term éEFD was estimated in section 5.5.2 to be:
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8.25 1 1.75 cal s % em 2 (3.45 x 10° w m 2)

The outwards directed heat flux can therefore be derived
on the basis of the following formula:
= én

9orD Total ~ JI1FD ‘ ‘ (5.12) .

The results are summarized in Table 5.2. As seen, the
proportion of heat flux which is directed ig}o.the liquid
steel increases with time and this fact can explain the

accelerated turbulence which was observed during the free

dissolution period.

5,8 THE INFLUENCE OF OkYGEN ON DISSOLUTION KINETICS

Figures 5.21 and 5.22 present results for titanium dis-
solution into liquid steel with oxygen 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 and molar fluxes in the steel shell/titanium
reaction zone are presented in Table 5.3. The agreement found.
between predicted and experimentally measured réaction Zones
determines tq§’consistency of the estimated values. The .
reaction at the steel shell/titanium reactiﬁn zone must be
largely responsible for at least halving shell melt back

times for the conditions chosen. Naturally, at superheats



TABLE 5,2

HEAT AND MASS FLUXESQ@T DISCRETE TIME INTERVALS DURING THE

-
FREE DISSOLUTION PERIOD
\IT) ST} " *n
Timp NeD Urotal 91FD 90FD
(S:Q) mole s_lcm_ cal cm_zs_l cal cm_zs— cal cm-zs_
!
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

o
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Figure 5.21 Results from titanium dissoTution experiment. Cyhiﬁder

diamefer 2.54 cm. Steel bath oxygen content 600 ppm.

1) Registercd net downward force;
2} Measured steel bath temperature/;
3) Predicted centerline temperatufe;
4) Measured centerline tehperat(re,
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Results from titanium dissolution experiment. Cylinder
diameter 2.54 cm. Steel bath oxygen content 350 ppm.

1) Registered nct downward force;

2) Measured steel bath temperature;
3) Predicted centerline temperatures;
4) Measured centerline temperatures.
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TABLE 5.3

ESTIMATED HEAT AND MASS FLUXES DURING SQEEL SHELL PERIOD AND FREE DISSOLUTION RERIOD

_CGS Units SI Units
. -2 -1 ' -2
Heat flux at 9.5 £ 1.5 cal cm "s 3.97 * 0.63 wm

. the interface '

8 ‘ N -2 -1 . -2 -1

q Molar flux 0.0018 ¥ 0.0002 mol em "s 18.05 £ 2 mol m s

@ of iron ‘ E

A - :

= Molar flux 0.0013 % 0.0002 mol ecm s~ %  13.62 % 2 mol m 2s 1

a- of titanium

w P -1 -4, -4 -1

= Mass transfer coefficient 0.028 0.004 cm s 2,8x%10 * 0.4x10 m s

g of iron '

o o -1 -4 -4 -1
Mass transfer coefficient 0.030 0.004 cm s 3.0x10 + 0.4x10 m s
of titanium :

. ‘ -2 -1 . -2

8 Heat flux during 8.25 = 1.75 cal cm s 3.44 £ 0.73 wm

- free dissolution :

5 i

—~ T

o0

-

0 N

o W

(a .y

)

@

H
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approaching zero the enhancdement would become far greater

. since the convective heat inputs from the steel bath would

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 dgree rqpher well with the
experimental data. This indicates that thé heat flux esti-
mated at the outer and inner steel shell surfaces afe bofh
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 bkath superheat.

The semi-empirical method of estimating heat fluxes

gencrated dufing the steel shell period involves errors - +15%.

+ The error results from two factors: the firsﬁideriqes from the

convective heat transfer correlations used at the outer sur-
face of the steel shell while the second arises from the fact

thag steel shell melt back and exposure of titanium in liguid

,steel must be somewhat stochastic in nature. Thus, any

slight imperfections in a hot: rapidly thinning shell will
lead to premaﬁuré exposure of titanium in liguid steel.

As pointed out iﬁ section 5.4, free dissolution commences
once the séeél shell period ends. In general, one can expect
the free dissclution ofltitanium cylindexrs to be controlled g

by mass transport .of dissolved titanium through a titanium

rich boundary layer adjacent to the ecylinder out into the
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liguid 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.

>
- %E{ﬂthpTi/MTi),=.KTi2wrh(C;? - Cgi) ' (5.13)
}
where r: cylinder radius
h: ’qylinder immersion length
DTi density of titanium
MTiF Ititanium:molecular weight
*L o . - . )
CTi: liquidus concentration of titanium at the
temperature of steel bath
C?i: bulk concentration of titanium in the steel
KTi: experiméntal mass transfer coefficient

Since h, Oy and MTi are independent of time and C?i\is

equal Eb zero, equation .(5.13) reduces to:

K. * Cob
_dr _ "Ti Ti

dr_ “Ti  Ti ) (5.14)
dt  ppg Mpy

Based on this expression, an experimental mass transfer

coefficient can be estimated. d
LI . L

Ravoo et al. suggested the following correlation for

turbul’ent mass transfer from vertiecal plates:

BN
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" shy = 0.13 (Cr scyt/3 - | (5.15)
N
where * ShL: Sherwood numberk
5 Sc{ Schmidt number
GrL: Grasshof mass transfer number —

Mass transfer CHeffft{ents experimentally measured. and pre-

dicted from equation (5.15) during the early stages of free
/ .

dissolution of titanium are presented'ip_Table 5.4.

B

The Eeétures_to be observed from table 5.4 are firsE
that the.experimentally measured mass Eranefer coefficients
are higher than the predigted ones from equatien (5.15) and
.second 1s the stropg influence of bath temperatﬁre 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 golely on the
‘besis of liqdid phase diffusion. It is propesed that the
accelerating degree of turbulence which was to be observed
‘during the free dissolution period altered fluid flow patterns
in the vicinity of the dissolving titanium interface.
Thus, on observing the bath surface during the,coeree of
an experiment, the steel surrounding the additioﬁ was rela-

tively quiescent during the steel shell‘period and the first

part of the free dissolution period. However, visual examih-

*
More explanations about these dlmen5lonless numbers can be

- found in Reference 97.
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TABLE, 5.4

B

MASS TRANSFER COEFFICIENTS DURING TITANIUM‘FREE;DISSOLUTION
: J

v ’ ' ‘ Mean Predicted
Experimental Mass Transfer
Mass Transfer - Coefficient
‘ Coefficient from Eg._5.15
R Temperature cm s—1 . ‘cm s~
1580°C -0.0183 * 0.0015 0.0127
1630°C ©0.0391 & 0.002 0.0137
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ation of the surface. of the bath close to-the addition showed

it becoming much hotter and Eurbuient, with the ubyelling

plume of liqﬁid'becomiqg fasteE‘during the later séages of
free dissolution. Récélling ﬁevich's98 proposal that the -
thickness'of the mass traﬁsfer'boundary layerld 1s related

» 7 =

to velocity:
hS

§ = fGLH) ; " ' " (5.16)

where v: velocity of moving liquid
n:_'expoﬁent ranging from 0.5 to 1
One can expect changes in,the recirculaticn rate'ofniiquid
steel to increasg the éffective mass transfer coefficient.
-During the fre?,dissélﬁtion period the relafive propor-
tions of dissolutioﬁ and melting depend upon the steel bath
temperature; thét is, the.higher the steel bath temperature, |
the larger the propo£tion of cylinder whigch is molten when
it ié dispersed in liquid steel. From the analysis of the
experimental résults, it was found that when the inward radial
velocity bf the titanium interféce was iess than 0.045 cm 5-1,
dissolution dominaﬁeé,while above this-ﬁigureﬁmeltiné occurred.
An average dr/dt and an average steel bath femperature

during the free dissolution period was estimatedufor the 17

different runs. Table 5.5 summarizes this data. Using

..~ equation’ (5.14), an average mass transfer coefficient was also

-4

. computed. Linear regression analysis of these results was
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_ TABLE 5.5
EXPERIMENTALLY MEASURED dr/dt DURING TITANIUM FREE DISSOLUTION

~ Run No. Average Temp . Ave{:ge\dr/dt
1 ' 1564.0 0.058
2 - 1573.0 ™ . 0.062
T  1580.0 0.057
) 4 1600.0 0.098
v s 1625.0 0.127
6 1625.0 0.141
| E - 1606.5 0.082
s g 1568.0 " 0.054
9 | 1551.0 0.042
10 . " 1560.0 : 0.045
11 .. 1571.6 0.066
12 | 1569.6 0.051
13 1570.0 . 0.049
14 . .1570.6 ‘ . 0.048
15 " 1s72.5 . .0.049 Q{
. ’ f/ \\\/F\

16 1572.5 0.049

17 | 1580.0 0.060 -~/
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"performed for a relationship between log K and the reciprocal

value of absolute temperature shown in Figure 5.23.. The N

-

equation for the curve one 1is:

log k = 283130 4 7 2846 (5.17) -

witﬁ a cofselaﬁion coefficient of 0.887 at 16 degrees of
freedom, and a standard error of estimate 0.051. According

to these data, the apparentAactivat}on energy for the solution
of titanium in ligquid steel was found t6 be 296.3 kJ/mol or .
(70.5 k cal/mole). The reason for this surprisingly high
activation energy is twofold. First the average steel bath
temperature during the free dissolution period does not repre-
sent 'the temperature of the dissolving interface which is
higher. Second, the exothermie reaction' alters the fluid

flow pétﬁérnsfin the vicinity of the dissolving interface and
makes Fhe effective bounda;y layer thinner, thercby increasirg
the sénsitivity cf experimental méss transfer coefficients to
chénées in temperature.

While the mathematical model developed'can easily prediét
thermal eﬁents during the steel shell period for any given set
of conditions {i.e. steel bath temperature, cylinder diameter),
the free dissolut%on périod is more complex. Thus, molar
flﬁxes cannot be evalua£ed from existing dimensionless mass

tgﬁﬁsfer correlations, due to the compléx hydrodynamic

r" " '
phenomena associated with this class of dissolution problem.

N
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Ip vieﬁ of this difficulty, which is left for_futﬁfe.WOrk,
a statistical appreoach haé been adopted to predict free dis-
solution times. |

Referring to Table 5.5, a linear regression was performed
between the average steel bath temperature and the average
radial velocity of the cylinder during the free dissolution

period. This procedure yielded to the equation:

dr c :
= f
(d-'—l = 1.96 + 0.00128 3 , (5.].8) )

where 9: degree celsius

The correlation coefficient was found to be 0.91? at 16 degrees
of freedom with a standgrd error of estimate egual to 0.01.

For a given set of conditions the mathematical model was
'us!h to predict the time for steel shell period, while
egquation (5.18) was used to predict the free dissolution
time. The sum of tﬂese 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
S | '

IN JID STEEL

6.1 INTRODUCTION

In this chapter, the experimental results obtainea for
the solution of pure vanadium and ferr&vanadium§lloys are ‘ﬂ:
presented and discussed: Refer;ing to the iron-vanadium
phase diagram in Chapter 2, ferrovanadium alloys with vanadium -ﬂ
grades lower than 60 wt% have a melting range which is lower
than the steel melting point. Consequently, one can éxpect'
different solution patterns between ferrovanadium alloys of"
different grade. For this reason it was decided that the
effect of vanadium content on the .soclution of ferrovanadium
alioys in liquid steel should be investigated.

Four pure,vanadiﬁm 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/cyi1nder).

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 lengthﬂ

=
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- Figure 6.1 Test #1 Results from a vanadium dissolution experiment in
) liquid steel cylinder 2.48 cm, length 20 cm.

1) Régistered net downward force:

2) Steel bath temperature;

3) Predicted centerline temperature;
_ 4) Measured centerline temperature.
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The vanadium cylinder was immersed to within 3.0 cm of- its .
tép surface. Curve one depicts the net downward force which
the load cell registers. During the period AB the load cell
registefed 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 curve one depicts the steel shell period (i.e. when a
shell of solid steel was frozen around ﬁﬁeiggiindgr). The
force registered by the load cell remains constant during
this period. Segment DE of iiné one shows the free dissolution
period where there is no'frOZen steel éheli around the vara-
dium cylinder. During this period, pure dissolution took
place at a steady rate as evidenced by the upward slopé of

" the force-time curve. Thus, as mére of the submerged
cylinder dissolved, the buoyancy force term decreaged and

the pull on the load cell increased. Line two in FPigure 6.1
shows the measured steel bath temperature. The initial ;teel
bath temperature féf this experiment was 1600°C (1873 K).
Line three presents experimental results and model predictions
for the centerline temperature during the stegl shell-period.
Time zero for the témperature of the cylinder is taken as

" the half way point‘between the times which correspond to

the beginning and end of initial immexsion (i.e. points B

and C in curve one, Figure 6.1). As seen, very good agreement
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between_experimehtal and predicted centerline temperatures
"is-achieved. ’

Similar results for a vanadium-cylinder 2.6l cm in
diameter are presented in Fiqure 6.2. Por this experimental
run the initial steel bath temperature was 1620°C (1893 K).

Figure 6.3 shows experimental results and model pfe—
dictions for the dissolutionlof a pure vanadiﬁm cylinder 1.36
cm in diameter and 17.5 cm in length. The vanadium cylinder
was lmmersed to within 30 cm of its top surface. The initial
steel bath temperature for this experimental run was 1636°C
(1909 K).l

Results for the fourth pure vanadium cylinder are pre-

sented in Figure 6.4. In this experimental run, the cylinder

< had a diameter 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). This fourth
cylinder had no centerline thermocouple.

In the first three tests, the temperatures measured at
the centerline of the cylinder during the free dissclution
périod tended to be higher than the steel bath temperat#re.
This fact is élear in test number three (Figurg/GfEB. In
test; one and two, tﬂe recorded centerline temperatureé
exhibited erratic behaviour during the free diaﬁolution
period. For this reason, centerline températures are not

plotted during the free dissolution periods in Figures 6.1

.and 6.2 respectively.
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Test #2 Results from a vanadium dissolution experiment in
liquid steel. Cylinder diameter 2.61 cm, length 20 cm.

1) Registered net downward force; ,
2) Steel bath temperature;- ot L —

3) Predicted centerline temperature;

4) Measured centerline temperature.
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ﬁigure 6.3 Test #3 Results’ from a vanadium dissolution experiment in
. liquid steel. ‘Cylinder diameter 1.36 cm, length 17.5 cm,

1) Registered net downward force;

2) Steel bath temperature;

3) Predicted centerline temperature;
4) Measured centerline temperature.
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1) Registered net downward force;
2) Measured steel bath temperature.
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6.2.2 Tests with Different Ferro-vVanadium Grades

In some preliminary tests, Fe-V cylinders of 30, 40,

50 and-80 wt% vanadium and 2.54 cm in diameter ‘and\10 cm in

length, ‘were immersed in. liquid steel at 1600°C (1873 K).
It was observed that the Fe-V cyliﬁders with 30, 40 and 50

wt% vanadium became '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 gase for Fe-V cylinders with 80% vanadium which appe;red
to ‘be strong as they wege withdraWn from the steel bath after
extended immersion times (=*60-70 sec.).

Figure %.5 shows results for one test with a 50 wt% Fe-V.
cylinder immersed in steel at 1600°C (1873 K}. Line one of
Fiﬁuro 6.5 shows the.forcé registered by the load cell while
line two shows the measured steel bath temperature during’
Ehe experiment. 'The feature to be‘noted in curve one is the
shérp increase in load at the 42nd second (arrow A). This
was fdilowed by a plateau marking the sudden release of the.
moitén alloy into the steel bath. It is worth noting at this

point that under these 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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Figure 6.5 507 Ferro-vanadium cylinder: diameter 2.54 cm, 20 cm length.

1) Net downward force;
2) Measured steel bath temperature.
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steel. The temperature used in these computétions-was the
averége measured steel bath température during free diQSOIu—
tion. For comparison, mass transfer coefficients may be pre-
dicted on the baéis'of empirical correlations available in
the 1i£erathre for condition of natural convection to vertical
cylinders. Thus, the vanadium,cylinders, on dissolving, ‘.
release material_ﬁﬁich is less dense than the surrounding
steel. . This will generate upwéid currents around the dissol-
ving eylinder. One proven relat}onship for diSSOiutiOn of
vert%dal cylinders is equation (5.15). presented in the previous
chapter. Table 6.1 shows a comparison of prédicted and
' expefimental results. |

ﬁeferring to Table 6.1, two aspectsifre to be noted.
Firsfly; the experimental mass transfer coefficients are in
reasonable agreement buE tend to be higher than those predicted -
by equation (5.15). Secondly, the inward radial velocity ;f
the intgrface tended to increase during the course of the
free dissclution of vanadium in liquid steel. The latter
aspect ié demonstrated quite clearly in Figure 6.6 Where thé
radius of the cylinder for ées umber three is plotted_versué
time.

Theoretically, however, dr/dt is expected to be constant
for normal isothermal dissolution phenomena. Also it is to be

noted that the steel shell period is quite short in comparison

with the free dissolution period.'



6.1

TABLE

EXPERIMENTAL AND PREDICTED MASS TRANSFER COEFFICIENTS FOR VANADIUM

Experimental - Predicted Experimental Experimental
Average Mass Transfer Mass Transfer (dr/dt) xp
] mean molar flux Period
Test Average Coefficient ' Coefficient
- - -1 -2 -1
No. Temperature cm s—1 cm s cm s mole cm s (sec)
1580°C or 1853 0.0038 £ 0.0003 0.0043 0.0026 0.00023 59.4 - 99.2
l ~
1570°C or 1843 0.0029 = 0.0003 0.0043 0.0020 0.00022 99,2 - 150
1590°C or 1863 0.0047 = 0.0002 0.0043 0.0033 0.00037 50 - 100
2 ' '
' 1576°C or 1849 0.0057 * 0.0003 0.0042 0.0039 0.00044 100 - 150
1625°C or 1898 0.0061 £ 0.001 0.0046 0.0047 0.00053 16.5 - 50.1
3 ) ’ ‘
1615°C or 1888 0.0076 * G.001 - (0.0045 0.0057 *0.00064 50.1 - 95.1
1634°C or 1907 0.0071 * 0.0015 '0.0047 0.0056 -0.00063 22.0 - 41.2
4 e
1625°C or 1898. 0.010 * 0,002 0.0046 - 0.0084 0.00091 41.0 - '75.0

SLT
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' Figure 6.6 Dynamics of qiSSOJhtion of pure vanadium in liquid steel.

1) Original diameter;

2) Predicted and calculated diameter;
—< A) Steel shell period; '

B) Free dissolution period.
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One common feature which was observed in all the ferro-
vanadium alloys tested, is that the 'steel shell which freezes
around the cylinder melts back in a conventional way. That

is, 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 1s somewhat exothermic. This may be the

" reason for the experimental mass transfer coefficients being

higher than those predicted. Furthermore, the 'exothermicity'
of mixind® is stronger at higher.sﬁeel bath teﬁpefatures. |
Another feature to be observed from Table. 6.1 is that
the ekperimental méss transfer coefficient generally increases
in the later stages of free dissoluﬁion.: This may be caused
by ;he exglhermic reaction in the vicinity of the dissolving
vanadipm ihterface_enhancing natural convection, thereby thin-
ning the effective mass transfer boundary layer and enhancing
mass transfer coefficients.
In Figure 6.7, the logarithm of the experimentai mass
transfer coefficients measured during the éérly stages of
free  dissolution are plotted against the reciprocal of abso-
lute temperature. By regression analysis, one obtains:

_15707.7

‘Log K = T

+ 6.082 . T (6.1
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vanadium versus the reciprocal of absolute temperaturc,



179

Equation. (6.1) is plotted as curve one of Figure 6.7.
The slope "of this line represents an Arrhenius-type apparent
activation enefgy for the soclution of vanadium in liquid
steel. The value was found to equal 71.5 kcal/mole or
(300.6 kdJ/mole). This large apparent activation energy for
the dissoclution of vanadium in liéuid steel is close to that
obtained by the author ‘for titanium dissolution in liguid
steel.

’

Krupman et al.37

also méasured a large® apparent activa-
tion energy for the dissolution of'mol?bdenum in liquid steei.
They report values 'in the order of 65.1 kcal/méle (273.4 kJ/
mole). These uncommonly high values for vanadium, £itanium
and molybdenum are most likely explained on the basis of
the exothermic reactions taking place as they dissolve in
ligquid 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-
Qolution. Consequently, one can regard their dissolution as
bein% non-isothermal. Therefore, ‘the high activation: -
energy'feported by Krupman et al.37 for molypdenum dissolution
cén be explained on a simi}a; Basis to the systems studied
in the present work. '

Based on all the éxperimental,work'carried‘out on the

\

behaviour of pure vanadium and Fe-V alloy additions in steel

baths, it is concluded that the dissolution proceeds via a

~
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heat transfer or melting dominated mechanism for alloys con-
.‘taining less than 68% vanadium and by a mass transfer
mechanism for all alloys ;ontaining more than this amount.
From the results presented in'Table §.l, an average

rate of radius decrease (dr/dt)m and an average steel bath

ean
temperature during the free dissolution was calculated for
each dissolution test on pure vanadium. A regression between

(dr/dt)mean and bath temperature yielded:

(ar/A%) oy = =011 + (0.75 x 1074 o (6.2)
where 6: temperature in °C.
At 1le600°C (1873‘K) equation (6.2) givés:

(dr/éﬁi. = 0.0045 . (6.3)

mean 2

From this equation and from equation (5.14) an average molar

-

flux of vanadium®during free dissolution was found to be:

mole

T =
N' . = 0.0005 —=—=—  or
cm secC
N = g.025 35 0f V A (6. 4)
mean 2 .
cm seg e

-

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

. ’ Me -
N = e 100% - (6.5) ¢
FeMe ~ T3Me) .
where N, : pure metal solution rate in (gr em 2 7Y
. /ﬁﬂ\_
(%Me)FeMe: .percentage of element in the ferro-alloy 5 :
N : solution rate of ferro-alloy in (gr em 2 571
FeMe’ 9 =

According to Shantarin et al., they feel that equé%ion
(6.5) implies that Ehe concentration gradients are identical
to pure metals and ferro alloys and consequently a greater
loss of spe01men weight is necessary in the SOlUthH of ferro-
alloys to maintain. the same concentration gradient. Siﬁce
Santarin et al.38 were able-to apply this ratio satisfactorily
~in the solution of pure W and FeW and the solution of pure-
Mo and FeMo, equation (6.5) has been adopted as a first estimate
to the Fe-V system.

. Thus, Figure 6.8 shows the predicted melting/dissolution
timé; requifed for 2.54 cm diameter cylinders of ferrovanadium
to dissolve into a steel bath at‘l600°C (1873 K) Gersus ferro-
alloy grade. As seen, all alloys below.68% V reguire approx-
imately 33 seconds while those above need a minimum of 240
seconds. Pure vanadiﬁm requirés the maximum time of 316 seconds.
It is important to noﬁe that vanadium would start disso}ving
in the bath at all compositions once the steel shell freezing

on them had remelted.
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MASS TRANSFER MECHANISMS

FERRO—VA‘NADIUM GRADE WEIGHT %

Figure 6.8 Predicted melting/dissolution times required for 2.54 cm
diameter cylinders of ferrovanadium to dissolve into a stecl
bath at 1600°C (1873 K) versus ferrovanadium grade.
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Figure‘6;8 demonstrates clearly the signifiéant difference
in splution times between the different grades of ferrqg-
vangdium. In'érades where melting occurs, ﬁhe kinetics 1is
about seven times faster than in grades where dissolution
dominates.- Coﬁéequently,_improved consisténcy‘and efficiendy
of alloy additions to steel ba£hs can be expebted for steel-

plant practises talling for the use of the low gréde ferro-

vanadium alloys. e
. « . [

4
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CHAPTER 7 v

CONCLUSIONS

The purpose of this work was to investigate‘t;é\giigglutioq

. of high melting point additives to liquid steel. Tor this\
reason, tiﬁanium and vanadium wefe chosen as repreéentativé
,cases for study. Conc%usions resulting from the present
investigétion Are outlined below.

1) An experimental technique for measuring the dissolution -
of cylindrical shaped specimens in liguid stéel Has beén.
developed_"The’iipéo}ution cén be monitored by measuring
a) the épparenﬁ weight of the specimeh,_b)-temperatures of
the specimen at various locations and ¢) the temperature of
the steel bath. :

2} During the'dissolutaon of titanium‘in liquid steel,
two diktinct periodS were identified. The 'steel sheli period' -
and the 'free dissoiution‘period'. |

3) In the steel shell period, a steel shell is first
formed when a titanium addition is immersed in liquid steel.

The dissolution reaction starts at the steel shell solid
titanium interface, oncé the tgmperature at this interface
reéches about 1190°C or 1463 K. A'liquid film of euteétie
-comp051tlon then forms and an exothermlc’reactlon is lnltlated
A 'double heat effect' is applled to the steel shell and the

steel shell melting times are decreased. It was_estlmated

that ﬁhe net heating effect (heat flux) during exothermic
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reaction was (3.97 t 0.63 w m_2) or (9.5 + 1.5 cal cm_2_s )

under nominal conditions.of natural convection.

4) During the 'free dissolppioh period', the temperature
at the surface of the dissolving titahiumAincreases causing
the dissoluéion to accelerate. In the early ‘stages of 'free
dissolution', the temperatﬁre of the dissolving interface is
lower than melting point of Ti and dissolution océurs. In
the, later stages of "free dissclution', the temperature of
the dissolving interface approached titanium's melting point
and melting occurred. The relative proportions of diséolut%on
and helting duriné free dissolution depend upon cylinder
diameter, steel bath-supefheat and.hydrodYnam;c 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 modél was shown to
be capable of providihg a.gobd quantitative representation of
the processes studied. ‘

6) Pure vanadium and ferrovanadium alloys dissolve in a
more conventional manner: that is,'ﬁo reaction product is
observed between the steel shell and solid ﬁanadium; The-
kinetics of'dissolution of vanadium in liquid steel is signi-
fiéantly lower than that of £itanium.

7) The dissolution of ferrovanadium‘alloy additions in
s£eel baths proceeds via a heat transfer or melting dominated

mechanism for alloys containing less than 60% vanadium and by

h)



a mass transfer mechanism for

this amount.
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all alloys containing more than
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'lCHAPTER 8

FUTURE WORK

It(is’§ﬁggested that the turbulénce.génerated during d}/’“‘“’“\*
the free dissolution of titanium in”liquid sﬁeel would be |
well worth further hyarodynaﬁic investigation. The dissolution
of ice cylinde;s in‘a 93 wt% HZSO4 at-temperatureslof —25fC
(or 248 K) could serve as a low témperature model for this
purpose. At higher temperatures, the dissolution of iron in
a fe;rosilicon bath with 50 wt$% silicon could prove to be an
appropriate model. .

Anotger area where future work is called for'is in the
quantitativé analysis of exothermic heats of mixing and dis-
solution rates. This problem c&uld be tackled experimentally

‘by studying the behaviour of iron cylinders in ferrosilicon

baths of differiné silicon contents.
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_ CHAPTER 9

CLAIM TO ORIGINALITY.

Many aspects of'g;is work are,in the author's opinioq,
contributions to original knowledge.

‘Thus, an experimental 'direct' method for studying the
dissolution of sclid alloy additicons in molten steel has been
developed which is capable of yilelding data of high accuracy.

In terms of developing the data ‘acquisition system, the
interface of SS8-50 bus* with the MOTOROLA EXORciser bus* is

<

new.

In the metallurgical context, the reaction between steel
shell and titanium is a novel phenomenbn which_has been observed
and explained. Similarly, a detailed‘analysis of heat and
mass transfer phenomena associated with the dissoclution 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 1s a standardized combination of microprocessor signals

which are common in many subsystems.
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PART 1:

APPENDIX I

TYPICAL RESULTS OF THE SECOND SET OF

TITANIUM IMMERSION TESTS
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Figure I-1 Results from a titanium dissolution experiment in liquid steel.
' Cylinder diameter 3.81 cm and 20 cm in length:

1) Registered net downward force;
"2) Measured steel bath temperature; _
3) Measured and predicted temperatures at a point 1.62 cm from
cylinder centerline; '
4) Measured and predicted ‘temperatures at the cylinder’'s
centerline. '
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Predicted cylinder radius versus time for the experimental
results presented in Figure I-1:

AB: steel shell period
BCD: free dissolution period
BC: dissolution
CD: melting
1: cylinder radius
2: initial cylinder radius
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Figure I-3 Results from a titanium dissolution experiment in 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 I-4 Predicted cylinder radius versus time for the experimental results.
presented in Figure I-3: .

1: Predicted cylinder radius
2:; Initial cylinder radius
AB: Steel shell period
BCD: Free dissolution period
BC: Dissolution
CD: Melting
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Figure I-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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Figure T-6 Predicted cylinder radius versus time for the experimental
results presented in Figure I-5:

1: Predicted cylinder radius;
2: Initial cylinder radius;
AB: Steel shell period;
BCD: Free dissolution period;
BC: Dissolution;
CD: Melting
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Figure I-7 Results from a titanium dlssolutlon experlment in 11qu1d steel,

Cylinder diameter 3.81 cm and 21 cm in length:

1) Registered net downward force;

"2J Measured steel]l bath temperature;

3) Measured and predicted temperatures at a point 1.35 em from
cylinder centerline;

4) Measured and predicted temperatures at the eylinder's
centerline. ‘
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Figure I-8 "Results from a titanium dissolution experiment in lifuid steel.
Cylinder diameter 2.54 cm and 20 cm in length:

- /!

1) Registered net downward forcesy
2) Measured steel bath temperature;

3) Measured and predicted temperatures at the cylinder's

centerline. : y . '
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PART 2:

APPENDIX I

QUALITATIVE SIMULATION OF TITANIUM
DISSOLUTION IN LIQUID STEEL USING A

CALCOMP 663 DIGITAL PLOTTER

Events which occur in the cross-
{

" section of a-titanium cylinder per-

pendicular to the cyiinder vgrtical

axis are presented sequentially.

199
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Figure 1-9 Time t = 0.,  Prior to immersion.
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Figure I-10 Time t > 0. Immediately after immersion steel freezes
around the cylinder, '
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Figure I-11 Reaction starts at the steel shell/tiﬁ&nium interface.
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Figure I-12 The .thickness of the steel shell and reactipn zone increases.
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Figure I1-13 The thickness of the steel shell and reaction zone continues
to increase. <
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Figure I-14 Steel shell starts melting back. The reaction zone becomes
thicker. )



206

5

Figure 1-15 Steel shell disappears and free dissolution starts.
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APPENDIX IX

TRANSFORMATION OF PARTIAL DIFFERENTIAL EQUATIONS INTO

Y

PHE FINITE DIFFERENCE EQUATIONS

]

The equation:

3o 20, 28
ar

Hiw

can be written as:

From Taylor series with proper substitution, the following

e%pressions can be obtained.68
L "we1 7 O a%e, Ar _ a%; (ar)? . -
(a_f) = Ar - ( ) ':?_T - ( ) . 3l LEC I (II_Z)
N dr? ’ dr?® N *
ato, _ w1~ %% T Ona1 g'e, (an)? C
( ) = - | ) 17 e (II-3)
dr? N (Ar) 2 ar" N
Similarly,
ae O%+1 ~ %% a%e. At 4%, Ax? ..
(E) = At - ( ) 2_| - ( ) 3| s (II—4)
N . dt?f n gt n 7

Keeping the first term on the right hand side of equations
(Ir-1), (1r-2), (Ii-3) and truncating the rest the following

equations can be obtained:

"
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(%i—) = JELE_N ) - (I1I-5)
N , :
2 B 20, '+ B8
(28 . ML N Nl » (11-6)
3r? N (4r)?
oL - 0 .
N : (11-7)
N ‘

Substituting equations (II-6) and (II-7) into equation (II-1)

“we obtain:

O T e N (II-8)
The second term on the left hand side of equation (II-8) can
be, written as:

38 1 N+l T On-1
3r ~ N-1)At 5hT (I1-9)

-1
r

Substituting (II-9) into (TI-8) we obtain the equation (4.22).
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APPENDIX III

ESTIMATION QF EXQTHERMIC HEATS OF MIXING AND TITANIUM

MASS TRANSFER 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 Ty in the reactign zone

are 60 wt? Fe and 40 wt% Ti. The product we assume is a
mixture of FeTi and FezTi. Conseguently, the exothermic dis-

solution reaction can be represented by:

0.57Fe ($) + 0.43Ti(S) + 0.29FeTi(L) + 0.14Fe Ti (L) (ITI-1)

2

where

l ." = l T . _
0.57 “re T 0.43 "Ti \ (I11-2)

This intermixing results in an enthalpy change AHm

AH = 0.57HFe + O.43HTi - O.29HFeTi - 0.14HFe Ti (ITI-3)

2

The study of the above enthalpy change was done using the

a

facility for the analysis of chemical thermodynamics.94 The

data were taken from reference 61. It was found that:

AHm = ~-6.97 kcal/mole of titanium (II1-4)
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The semi-empirically determined heat flux fitting the

dissolution data was found to be in the range of/8 to 11

cal, om™? sec” ! (or 3.34 x 10° to 4.60 x 10°-w m ).
~ , 1
Consequently, the molar flux is given by:/ .

L

_Heat flux

)
N AT
m

-]

3

- which can range from 1.14 x 10 ~ to 1.57 x 10_3 g mole cm_2 s

-

The mass transfer coefficient ¢can be defined as:

-
a

K - molar flux of Ti
Ti net concentration driving force

where the driving force: Cl - C2 and
Cl: mole of Ti in (Pure Ti)/cm3 = (0.,09556
c,: mole of Ti in (mixture 40 wEB4Ti) /cm> = 0.0511

Consequently for the system studied, the mass transfer

coefficient of titanium varied from 0.025 to 0.035 cm sec*1 or
(2.5 to 3.5 m s_l). In a similar way the mass transfer of iron
was calculatéed and found to range From 0.024 to 0.033 cm s—l.

» . .

The thickness of the reaction zone could thqufore be
deduced based on a knowledge of the heat released and the

stoichiometry of the reaction {(Equation III-1).
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APPENDIX IV

LIST OF PROGRAMS

PART 1: PROGRAM KINET WRITTEN IN

MOTOROLA 6809 ASSEMBLER

- DEVELOPED BY.
. _
STAVROS A. ARGYROPOULOS
' . McGILL UNIVERSITY

1981

o
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3

V-'

D oW —

L

2000
7000
7004
10086
7008

agoc.

J00F
1012

7015

1018
1018
7010
701F

* 1021

7024
1027
102A
7020
7030

203y

1037
1038
703¢C
103F
1042
10us
1048

. 70UB

70UE

7050
1052

7054
7057
705A
7050
7060
70693

- 7087

706A

706C’

I080

706E
7071
1072
7073

7076,

1078

7078,

070
107F
1081
1084
7086
1088

N
LOFF, 474
1A 10
BE  70EB
BF  BFFB
I 74so
IF YSE
8E 720y
B0  FOSE
BO - FOBA
gt 0o
27 A
80 30
78 7450
FE 7050
78 4SO
78 74sD
FB  74sD
4 04 ABEQ
B7 4SO
20 0F
86 4SO
87 U6l
8 72FR
BD  FDSE
IF 7450
7F TUSE
BD  rOBA
gt 00-
27 R
80 30
78 U50
FE  7UsO
78 4SO
78 7US0
FB  7US0
a4 0y ABED
B7 4SO
20  OF
uF
5F
8 0008
58
ug
78 7450
24 05
FB 74861
89 00
30 LF
26 FO
BE  7USF
A7 8u
E7 -0t
BE 7324

AR¥H

START

TEL

START1

L.}

{

DECR

b

NAM

" BAC

871§
SEI
LOX
STX
CLR
CLR
LO¥
JSA
JSA
CHPA
BEQ
5UBA

ASL
LDAB
RASL
ASL
AOOB
ABA

STAA

- BRA

LOAA
STAR
LOX
JSR
CLR
CLA
JSA
CHPA

BEQ
SUBA

ASL
LOAB
ASL
AsSL
ADDB
ABA

STAR
BAA

CLAA

CLAB

LOX
AsLB
ROLA
ASL
BCC
AOOB
AROCA
DEX-
BNE
LOX
STAA
STAB
LDX

HEASUR
$7000
STACK

«BASI[C
$BFFB

#[N1
PDATA1
INEEE
s$00
TEL
2330

L~

v
STRAT
v

372

 wIN?

PDATAL
v

D
INEEE

a$00.

SET INTERRUPT MASK

v

INITIRLIZATIGN
FOR [MHERSION TIME

[NSERT A NUMBER
CAMPARE WITH C R
[F EQUAL GO TO TEL
CHANGE FROM ASCII
10 STRAIGHT BINAAY
HULTIPLY BY THO
STORE THE RESULT
MULTIPLY BY FOUR
MULTIPLY BY EIGHT
ADD THE RESULT

ADD B AND A KEEP
THE RESULT AT A
STORE RESULT AT ¥
Ga TO STAAT

WRITE INZ2

INSERT A NUMBER
INITIALIZATION

BIT

FOR NUMBER 8F MEASUREHENTS

STARTI1

PER SECOGND

CHANGE FROM ASCI]
T0 STRAIGHT BINARY
HULTIPLY BY THO
STORE THE BESULT
MULTIPLY BY FOUR
HULTIPLY BY EfGHT
ADD THE RESULT
ADD B AND B KEEP
THE RESULT AT A
STORE

0@ 70 START1

MULTIPLICAT (OGN SUBROUTINE

#3508

DECR
372
1)

SHIFT
2571

1.X

ﬂiINE

CALCULAT.ING )
THE LENGTH QF TIME
TEMPERATURES

ARE READ FOR 0O LOOP

HULTIPLY V-

8Y S5T?
THE RESULT
[S, IN THE

.THO ACCUMULATORS

A AND B

"COUNTER ADDRESS

STORE FIRST BYTE
STORE SECOND BYTE
GUTPUT R, LINE-

212



. , : | S 213

. -
64 7088 BO  FOSE , JSA PDRTAL1 '
BS  708E 8E  734A © LDY «[N3 _ . OUTPUT INSERT . .-
66 . K ° BRTH TEMPERATURE -
87 1031 BOD  .FDSE : JSR’ PDARTAL
68 «7084 BO 7250 . JSA BECIMA
84 o "n ' JUMP 10 SUBBROUTINE DECIMA
10 7097 BE 426 ® LDX uCHAN QUIPUT IINE WRITING -
7. 7088 BO  FOY9E . JSA POATAL HOW MANY CHANNELS ~
.72 709D BO  FOBA JSR INEEE INSERT A NUMBER
13 70A0 B0 30D _ SUBA w330 CONVERT TO BINARY
4 0R2 4B AsSLA HULTJPLY BY THO
15 70R3 88 20 ‘ADDR  =$20 ADD THE RESULT 70 20
76 .70A5 BE  THEA - LOX , =CHAlL FIND THE. ADORESS BF CHA1
7 J0R8 C6  ED LOAB  =3$EO EQ IS THE FIAST BYTE
18 o : ) " . ' OF CHANNEL ADDRESS .
79 70RA E7 gt - STAB  0.X%X STORE AT CHAL
80 70AC A7 01 : STRA 1.% STORE AT CHAL+{
"8t . 70RE BE 7328 LOX  «TSEK BUTPUT A LINE IS THE
82 70B1 BD  FO9E JSR PDRTAL ABBVE DATA CORRECT
81 7084 BO  FDBA JSA INEEE INSERT A CHARACTER
ay 7087 81 59 CMPA =Y I[F YES
- 85 7088 27 03 BEQ TELOS G@ 10 TELOS
86  70BB 7F  100C ‘ JHpP ARXH OR 6@ TO ARXH
©87 .70BE 8E 7378 TELOS  LDX »INU OUTPUT A LJNE
88  70C1 BO  FOQY9E JSR FDATA1 DO YOU HANT TO HAIT .
89  70CY BO  FOBA TELOS1 JSA fNEEE - [NSERT A CHARACTER .
80  70C7 81 59 CHPR  &'Y [F YES
81 70C9 27 F9 BEQ TELGS] GO0 TQ TELOSH
g2  70CB BE  71CB LDX «BATH GEY AODRESS
83 ~ n : OF THE ,BATH SCANNING
gy JO0CE BF  DFCH STX $DFCE | SUBROUT INE
a5 . " AND STORE FOR [RQ INTERRUPTS
86 . CUNFIUUHHT[UN FOR INTERRUPT T.IMER
87 7001 BE  E0IO LDX #$EQLD
B8 7004 85  FF LORA  »%FF
L] 7006 A7 02 STRAA  2.X
tgoe 008 86 30 LDAR  =$30
t0L. 700A R7 03 STAA  3.X%
Wif 700C 86 80 _ LOAAR  ©$80
\03  700E. A7 Q02 STAA 2, X
gy  T0EC 86 OB LOAAR  =%06 SET INTERRUPTS
105 ~ 7062 A7 @2 STAR 2, X EVERY SECOND
lg6 . 70EY 3C EFR LL CWal  a$EF
a7 - ‘ " CLEAR [NTERBRUPT MASK BIT
108 . " AND WAIT FOR [NTERRUPT
[0g  70E6 LOFE THTY LOS" , STACK .
L10  70ER 39 : RTS
It " * RETURN CENTROL TO BASIC
12 70EB LOFF 474 BASIC  STS ! STACK
T T : " AT THIS FUINT B ACCUMULATOR
Ly o= CARAIES THE RESULT OF THE COMPARISON
115 - x [F-8 0 OR + THEN THE BATH TEHPEHHTUHE
116 ' ‘n is EQUAL gR
(17 _ ) n LOHER THAN _THE SPECIFIED TEHPEHHTUHE
l18  T0EF F6  4SC LOAB  KAPOU
(18. 370F2 SO 7578 TEST FOR TEHPEHHTUHE
120 70F3 20  EF BLT LL [F NEGATIVE GO 7@ LL
1214 70Fs 86 3C . LDAA  =$3C
122 70FY B  EO013 STAA  $EQL3 "DISABLE FURTHER INTERARUPTS
123 70FR 8E 7387 LOX » [NS WRITE IN5
124 J6F0 B0  FOSE JsA POATAL -
I2s 7100 \0BE 0000 LOY ~$00 :
126 7104 8E  7LHY LDX * =«=SCAN '
127 9107 BF  OFCH 37X $0FC8 .



—

|

128
129
{30
131

132

133
13y
135
136
137
138
139
tug
Ly
42
|
L
145

Lyg

147
Lk

t4s,

150
151
152
153
15y
155
156
157
158
158

160

161
L62
163
164
165
166
167
168
169
170

mn
172

173
14
(15
116
1
178
179
180

181

82

18y

185
186
187
(asg
iag
150
191

710A
Moo

Lo
iz

11y
7118
M8
nic
TULE
1121

7123
7128
7128
712A8
T2c
T12E
7131
7134
7137

7138

713C .

TM3E
7141

AL

nyg?
71UA
Tug
Tnso
1153
71586
7159

7158
715E
160
7161
7163

7166
7168
T18A
160

; 1170485

1712

Ty

2176
rﬂlTB
7178
7E
7180

27
aR

USF
FOBA

52

Lo
FF3O0
EQL2
80

- EOLR
05

Eol2
EF

LF
Fa

3c
EO#3

7303,

FOSE
OFFF

Ao
21
FO6A
Coo3

EO0i2

Egeo
gooao
7U6C
TUGE
U0
o8

7288-
. oe

FD
EGZ20

L0
E020

EQ021
o8

Lty

M
scan”

SCANN

SCANt

DELAY
cCt

SKATA

s - ' 214

LO¥% ST
JSR INEEE HAIT LOGP

T0 START SCANNING
-CMPA = 'R [F R THEN START
BNE LL1

CONFIGURRT[ON FOR SCANNING ROUTIN
SEI :

LOD . m5FF30

sto eaf?

LDAA =480 :

STAR  $E012 RESET OSCILLATOR/0IVIDER
LOAR  =$0S SET UP TIMING-INTERVAL

EVERY TENTH OF A SECOND
5TRA°  sEQL12
CHAI «$EF
' CLEAR INTERAUPT MASK BIT AND
WAIT FOR IAQ INTERRUPTS -

LEAX  -1.% i
: DECREASE COUNTER
BNE SCt |
LOBR  =%3C
STAR  $E013 DISABLE :

. FURTHER [NTERRUPTS
LOX =END1

JSR POATAL
LOD n$0FFF
ARTIFICIAL 0OATA
STD 0,7+
EXG Y. X
JSR guUTHHS HRITE THE LAST ADORESS
JHP sC0o3
SCANNING RAQUTINE
LORR - $EOL2 _—
NG HORE [NTERRUPTS DURING EXECUTION
GF INTERRUPT SERVICE RUUTINE
Loy »$E020 R/0 BOARD BASE RAODRESS
Lox %00 - CLEAR HEMORY LOCATIONS

STX VAL FROM VAL TO

STX VaL+2

STX VAR+1 VAR+2

LDYX =$0080 _
sTaR  0.U CHANNEL AODRESS

. T80 BE CONVERTED
JSR STATIS ADDITION SUBROUTINE

LODAR =502

OECA

BNE DELAY

LOAR $E020 CHECK

[Fy THE CONVERSION [S COMPLETED
BITR  a$t{0

BEQ CCi

LORRA $EQ20 GET #OST SIGNIFICANT BYTE
LOAB $EQ21 GET LEAST SIGNIFICANT BYTE
BITA 2508 CHECK IF THEBRE IS NEGRTIVE

YOLTAGE

BEQ SKATA [F YES

ORAA =$FQ0 PUT F [N THE MOST
B SIGNIFICANT BITS

STAA VAR+1 '

LOAA n$FF DO THE SAME

STAA VAR AND STORE AT VAR

BRA STAVR

ANDA, =$0F PUT O IN THE MOST

. . SIGNIFICANT BITS



w2

192
193
19y
195
196
197
194
198
200
201
202
203
2oy
205
206

- 207

208
209
210 -
211
212
2113
2y
215
218
217
218

218

220
221
222
223
22U
225
226
227
228
229,
230
211
232
233
234
235
236
237
238
239",
240
2u1

2432

243
2Ul
245
246
au7
cus
249
250
251
252
253
25U

255

7182
7185
87
18R
Tan

718F
7181

- 7194

7187
71848
7180
TLARO
71A3
TLAB

7149
71R8

MAE

181
7184
7183
7187
T1BA
L]
T1BC
T1BE

T1ce
*71CU
e
71CA

T1CB

71CE
L11pe
7105
7108
7108
710€
ME
TLEY
TIEB
71E7
7LE9
TLEC
T1EE
T1FO
T1F3

71F6

71F8
71FA
7LFC
LFF
7201
7204
7206
7208
7208
7200

10AF

70

FUBF
FL
LF

ce
FUEBE

TUBE
ure
460
060
JUBF
FU6C
TUBC

a7

U8 -

UED
TUBE
Fy

7u60
Al

4

46a

- 03

714A
66

EQL2

0100
oogo
TU6C
TU6E
u70
E020
72848

STAVA

OAV IO

215

STORE AT VAR+1
PUT 00 AND.STORE
RT ¥AA :

DECREMENT CONVERSIONS
COUNTER

SIMILAR INSTRUCTIONS
HWITH SUBROUTINE STATIS

SUBROUTINE FOR THE
FINAL AODITION

. THIS SECTION FINDS THE AYERAGE "

OF THE CONVERSIONS

GET THE CONVERSION BESULT
STORE IN THE MEMORY AND

=~ INCREMENT I[NDEX REGISTER BY THO

» CHECK [F ALL CHANMELS HAVE BEEN COGNVERTED

RET1

M

”

8ATH

"

BATHI1

_DELHYI

BATHZ

\ BATH3

STAR  VAA+|
LOAR  =$00
STAR VAR
STAB  VAR+?
LERYX -1.,%
BNE SCAN1
ADDB  VAL+2
STAB  VAL+2
LDAA  VAR+1
AOCA  VAL+1
STAR ., VAL+1
LDAR VAR
ADGA VAL
STAA . VAL
LOAA  =3%07°
ASRA vaL
ROR VAL+1
ROR VAL+*2
DECA

BHE OAVID
LOO VAL+L
STD 0,7+
LEAU  2.U.
CMPU  CHRA1
BEQ RET1
Jup SCANN
STY 6.5
RTI

CONVERSIOMN

RETUAN FAOM INTERRUPT

INTERRUPT SERVICE ROUTINE FOR [NITIAL

BATH HEASUREMENTS

LORA  $EO12
LoY «$0100
LDX =300
STX VAL
STX,  VAt+2
STX VAR+1
STAR  $E020
JSR STATIS
LOAR  =%0S
DECA

BNE DELAY1
LORA  $EQ20
BITR =$10
BEG BATH?
LOAR  $E020
LOAB  $EOZ1
BITA =308
BEG  BATH3
ORAA = $FD
STRA  VAR+1
LOAA  =§FF
STRA VAR
BRA BATHY
ANDR  =30F
STAR  VAR+1
LDAR =300
STAR VAR

NG HORE INTERRUPTS DURING

THE EXECUTIGN @F INTERRUPT SERVICE ROUTINE

00 256 CONVERSIONS
CLEAR HEMORY
LBCATIONS

VAL

TO VAR+?2 .
[NITIATE CONVERSION
JUMP TO STATIS

FIAST BYTE OF CONVERSION
SECOND BYTE OF CONVERSION
LOGICAL AND FOR + OR -

IF + GO TO BATH3

PUT F FOR THO'S COMPLEMENT

STORE AT VRAR+1

LOAD FF

STORE FOR TWOD'S COMPLEMENT

GO0 T0 BATHY '

PUT O-FOR TWO'S COMPLEMENT
_STUHE AT VAR+I

STORE 0O R?L%RH

A



256
257
258
259
260
261
262
2613
264
265
266
267
268
. 269
270
271
272
273
274
275
276
e
278
279
. 280
281
282
281
284
285
286
287
288
289
290
291
292
2913
294
295
296
297
298
298
300
301
302
T 301
304
305
306
307
jo8
109
g
I
32
3113
31y
315
IS
317
318

319’

1210
7213
7215
27217

721A
7210
7220
7223
7226
7228
722C
J22F

1232

7235

1238
723R
123E
1240
242
7244
72l6
7249
724c
72UF

7250
7253
7256
7258
7258
1250
125F
7262
7265
7268
7268
726E
7271
7274
2277
7278
7270
7280
7283
7286
w289
7280C
728F
7282
7254
7297

216

LOAD CONVERSION'S NUMBER
[F O GB 10 NEXT '

JUHMP TO BATHIL

‘.

AT THIS POINT VAL AND vaL+1 HAYE
THE CAONVERSION'S RVERAGE

T men

/

~ LOAD CONVERSION AVERAGE AND

HOVE CONVERSION RESULT

BATHY STAB VAR+2
LERY -1,7
BEQ NEXT
JHP BATH!

[ CONVERSION'S AVERAGE

NEXT ADDB VAL+2
STR8 YAL+2
LOAR VAR+1

N AGCAH VAL +1
STRA VAL+1
LDAR vAA
AOCA vaL
STAR VAL

L.}

L.}
LOX vAaL
STX $BFFY

« 70 BARSIC '
EXG Xx.n
CHPOD SACE1l
BLE DONE
LOAB a$FF
BAA ouT

DONE LDAB n301

auT STRB KAPAQU
LD¥ s [NE
JSR PORTAL
RTI

RETURN FROM

THE SUBAOUTINE DECIHA RACCEPTS
DATA FOR THE
BATH THERWOCOUPLE IN DECIMAL
FORAM AND
HODIFIES IT (N HEXADECIHMAL FOBM

AND THE CONTENT OF THIS
. ROOAESS IS THE HEXADECIMAL FORM OF THE

BATH
ECIHA

STARTD

INTERRUPT

THEAKWOCOUPLE HHICH [S COMPARED WITH
THE HMEASURED BATH TEMPERATURE

CLR vy
CLR YVl
JSR INEEE
CHPA - 5300
BEQ FIN
SUBR  »3$30

.STAR  KAPOU
ASL Vi
AOL - vV
LOX vy
STX ALPHA
ASL A
ROL vy
ASL VV+l
aoL vy
LOX vy
STX BETA
LORA  ALPHA+!L
LOAB  ALPHA
AODAR  BETA+L
ADCB  BETH
STAR  VV+1
STAB vV
LDAB =300
LORA  KARAU
A00A  VVel

L.}
"
»
"
]
» THIS DATR [S TREATED AS ADDRESS
[
[}
1.3
L.}
n

LF THIS IS
CO TO FIN

CR

CHANGE FROM ASCILI



320

Azl
322
323
azy
325
izs
327
3z8
329

-330
33t
332
333
334
335
336
337

338
339
3yo
EL'SY
yez
y3
uy
45
kL)
3u7
48
EL Y]

351

ise
353
35y

355

356
357
38

358
360
361

729A
7290
72R0
72R3
72R5
72R8

T2AA
T12R0

7260
7282

7284

1287

7288
7288
128E

22C1

72CH
7207
72CH
12C0
7200
7203
. 720y
" 7208

" 720A°

720€E
72E2
12E86
12EA
i2EB
12EF
72F3
12F8
72FA
12FC
7300
7304
7308

130C .

7300
1311
7318
7318
1310
1321

7324

7328
7328
732F
7233
7337
7338

- 733F

73u3
7348
734A
1340

Fg
B7
F7
20
86
8a

B?
BE

‘A6

()
FO

39

456
7457
74586
a1
7456
70

74586
EL L

ay

ue?

ELA
TUSE
TUGE
470
TLED

460
- TY6F

TU8C
7UsC

FIN

.

L]
"
L]

STAT

IN1

" IN?

LINE
TSEK

[N3

217

AOCB v
STAR  VV+1
STEB vV
BRA  STAATD
. LORR vV
ORAA =370 PUT B AT THE HIGH
ORDER BITS
STAR vV
Lox vy VV CONTAINS THE ACDRESS
OF THE TRBLE
LDAR  0,X GET THE HIGH ORDER BYTE

LORB 1, X . GET THE LOHW ORDER BYTE
sSTO SRCEL SRCEL CONTAINS THE
CONTENT OF THE
RBOVE AODRESS OF THE TABLE
BTS
THIS SUBROUTINE HUUS A THAEE BTTE
THD'S COUMPLEHENT NUMBER
NUHMBER OURING THE CONVERSIGN
[S LOARB VAR+2
ADOB "VAL+2
STAB VAL+2
LOAA VAR+L
AdCA valL+1L
STAA vAL+1

LOAA VAR

ADCA VAL .

3TAA VAL . .
RTS ‘

FC8 $00,3$0A :
Fee /INSERT IMMERSION TIHE/

[y

FCC /., IN SECONOS/

FCB $0D, $0A, $0A, $04
FCB 300, $0A ,
FCC /INSERT NUHBER OF /

FCC /MEASUREHENTS PER SECONOD/

!

Fce 300,508, 404,304
FCB $00,%0A8,30R "
FCC /IS THE RBBYE DBATA CORARECT 2/

@

FCB $00.40AR.340A, 40U
:} 300.30A.$0A
FcC /INSERT BATH TEMPERATURE/



7351
7355
7359
7350
7381

362 736M
7368
736C
7370

_ 737U

3g3 73N

364 7378

385 737E
7382
7386
71384
738E
7392

366 7393

367

368

369

370

3

12 7397

373 7398
739F
73R3
7387
73R8
738F

I 7380

375 73B3.

7387

7388

138F

13c3

P LT
- 73CB
73CF

376 7300
377 7303
378 7305
7308

7300

a 73E1
379 73EY
73E8

380  73E9
13ED

13F1

73FS

73F9

13F0

Mol

405

Ja ugm

gz -74os
WoF
7413
ML
M8
MWLF

W23 -

INY

INEEE
PORTA1
GUTEE1
gUTUHS
BADOR
{NS

ENDI

FCcC

FCB
FCB
FCT

FCB
EQU
EQU
EQU
Eau
Equ
FCB

FCC

FCB
FCcC

FCB
FCB
FCC

Fce

FCC

" FCB

FCceC

218

/ IN DEGREES CELSIUS/

$00, $0R, $0A, $04
$00, $0R, $0A -
/00 YOU WISH TG HAIT 2/

$00, $0R. $0A. 304
$F0BA
$FOSE
$FOOF
$FO6A

"$FD28 . - '

$00,$0R, 07, 30R
/TIME OF IMMERSION NOW/

300, $0A, 307
/HHEN YOU ARE READY , PRESS A/

-
L]

$00, $0A, $04
$00, $0A
/END GF SCANNING/

$00,$0R.300, $0R, QA

/FIRST DATA WAS STORED AT QOOO/

$00, 30R, $00, $CR '
/LAST DATA WAS STORED AT /



. 383

ELL
385

386

387
388
389
390
g
- 392
© 3893
3584
385
396
387
398
388
uco
ug
ho2

NO3

“l4oy
ugs
Luae
Ho7
uos
ugs
yig
Hit
H12
ui3
yiy
yis
Uig
ui?
H18
Uig
hz2o
uz1
yg2
N3
424
H2s
Uz8g
uz27
428
Hz3
u3o
U3t
H32
433
43y
4as
4ag

‘437

05
05
05
0s
05
05
a5
05
0S
05
as
05
05
05
05

85
98
Ag
A *
AC
B
B3
B8O
€3
c8
CE
oy
0§
oF

ES

CHAN

Yy
ALPHA
BETA
KRPOU
¥

]

ST
S5Te
SACE1
STORE
SRCE
DEST
CHAL"
CHRZ .

_val

VAR

Vvy
STACK

% TRBLE

y - . 219

FC8B sdy

FCB $00, 508 :

FCC /HOH MANY CHANNELS RRE.G@ING /
R r

FCC /T8 BE SCANNED/

FCC VA ¥ -,

FCB $00, $08,304

AMB ? ’ :

RMB 2

AMB 2

“Ang 1

AMB .

RMB, 1

AMB ?

RHB R

AMB © 2 -

RAHB 2

AMB 2

AMB ?

RAHB 1

AMB 1

th 3

AM 3

AMB 2

RHB 2

FOR COMPRRISONS .

ORG $750C ~

Fce $05, $35

GRG $75E1L

FCB $05, %3R8

ORG $7SES

FCB $05, $A0

aRc $75ER

FCa $05, $R6

ORG  $75F0

FC8 %05, $AC

ORGC $T5FS

FCB, 505, $B1

aRc $75FA

FCB $05,$87

@RG $75FF

FCB 505, $B0

@AG |, s$7804 .

FCB $05,4$C3

ARG $7603

FCB $065, $C8

arsc $760E

FCB $05.%CE +

ORG $7613

FCB $05, 404

ORG $7618

FCB . $05,%09

ORG $7810 ‘ T,

FcB $05, $0F -

8RG $7622

FCB $05, $ES



,_"- .

<«

bis
y3ag
Luo
Hu1
yyz
443
yyy
Hys
4us
qu7
uua
Lyg
Lyso
51
452
453
usy
Uss
use
us7
use
usg
Ugo
UB1
g2
Lg3
U6y
UG5
U66
ug?
UG8
HES
uzo
N
Hye
ik
Uy
U7s
" 478,
37,
478

7627
1627
162C
1682C
7631
7631
7636
1636

7638

7638
7640
7640
TE6US
7645
76UA
764A
T6UF
T6UF
765U
765U
7659
7659
T65E
765¢E
7663
7663
7668
1668
7660
7660
1672
1672
1677
7677
767C
767C

7681 .

1681
1686
1686

05 EB
05 FO
05 .F6
05 FC
06 0V
06 07
06 00
06 12
06 18
06 LE
06 23
06 29
06 oF
08 3Y
06 3R
08 40
06 45
06 4B
06 50

06 56

0 ERROA (S) CETECTED

. SYMBOL

ALPHA

. BATH1

cCt
DRVIO
DEST
[NZ
KAPEU
auT
SC1
SKATA
STACK
STAYA
TEL&S1
vy

TABLE:

7458
T10E
71863
71A8
UG8
72FR
5C
72UuB
7126
7180
N
718R
j0cY
7458

ARXH
BATH?Z
CHAt
DECIHA
ODONE
IN3

L LRE
OUTHHS
SCAN
SRCE
START
STORE
TSEK
Yvy

00cC
71E9
7u6A
1250
Er-LL|
734R
732U
FOBA
LL!
Y66
018
ELL:L|
7328
M2

BRODA
BATH3
CHA?
ODECRH
END1
INY

1

GUTEEY
SCANL
SACE1
" STARTY

EL

ORG
FCB
ORG
FCB
ORG
FCB
ORG
FCB

0RG ~

FCB
ORG
FCB
ORG
FCB
ORG
FCB
BRG
FCB
ORG
FCB
ORG
FCB
ORG
FCB

FCB
BRG
FCB
ORG
FCB
ORC
FCB
8RGC
FCB
GRo
FCB
0RG
FCB
ORG
FCB
END

Fozs
7206
468
7070
7303
7378

"T0EY

FODE
TL58
uge2
7048
7038
4sa

$7627
505, 3$€E8B
$762C
505.3F0

- $7631

305, $F6
$7636
$05,3FC
$763B
$06, $01
3$76U0
$06, $07
$76US
$06. 300
$764R
506,512
$76UF
$06.318
$765Y
$06, $1E
$7659

506,323

$765E
306, %29
$76613
$06, $2F
$7668
$06, $34
$7660
$06, $3AR
$7672
$06, $40
$7677
306, $4S
$767C
$06, $UB
$7681
306, 350
$7688
$06, $56

BASIC
BATHY
CHAN

"OELAY

FIN
INS

LL1

POATAL
SCANN
ST1
STARTO
TELL
YAL

70EB
7210
7426
7160
72R5
7397
7100
FD9E
71HA

TUSF '’

7256
T06C
TUsC

SHIFT

STATIS
TELOS
YAR

71CB
T45A
TYSE
T1ES
7204
FOBA
721A
71C7
7071

-T461L

7288
70BE
TUSF

220
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APPENDIX .IV

LIST OF PROGRAMS

PART 2: PROGRAM TEMP WRITTEN

IN BASIC

PROGRAM TEMP RUNS
SIMULTANEQUSLY WITH

@QOGRAM KINET

DEVELOPED BY
STAVROS A. ARGYROPOULOS
McGILL UNIVERSITY

1981 /



f“‘\

¢ LET M=50000./H096.

20 LET A0=3.423B6B82E+2

30 Al~B6,1485536E-2

Ug Aaz2=2.7924100E-7

50 OPOKE HEX ("BFFB™) ,HEX (7000™)
80 Hl~H«USA (M)

10 H2=HlaMl

80 TE=AQ+AL1wH1+AZ2uH?

50 PRINT USIRG ‘wsan, s’ TE
LOD Ml=Hw«USAH /0)

10 M2=HimH]

120 TE=RO+ALxHL+AZxH2 .
130 PRINT USING ‘waas, a' TE
140 G0 TO 100

150 END



" APPENDIX, IV

- LIST OF PROGRAMS

PART 3: PROGRAM OFFSET WRITTEN
IN MOTOROLA 6809

ASSEMBLER

PROGRAM OFFSET IS USED

FOR A/D .CALIBRATION

DEVELOPED BY
STAVROS A. ARGYROPOULOS
McGILL UNIVERSITY

1981

223



!
2 g000
3 8000 LDBE FBOO
y Booy 86 gU
S B00O6 B7 BLBO
B BOOS uf
7 BeDA 7F  BLAF
g BOOD B7 f3Eq
g BOLO BE * 80LlA
i0  BOL3 BO  E2CH
L1 BOlG B6 03EQ
12 BOLS BS 10
13 BolR 2?7 .F9
1y 8010 BE  D3EQ
15 Ba20 F6  DAEL
16 B023 85 08
L7 Bo25 27 04
18 B027 8n  FO
19 B023 20 02
20 BO2B 84 OF
21 Bd2D FO BBl
22 BO30 LOBC BLlBt
23  BG3Y 28 03
24 B036 7C  BLlAF -
25 BO39 7R BLBO
26  BO3C 26 - CF
27 BO3E B8  BLAF
28 BOYtL B? B1B3 -
29 BOUy 8E  B1B3
¢ BOu7 B0 EOGBF
11 Boup €€  B1B5
2  'Boug BO EO7E
i3  BOSD BO  ELAC
34 BOS3 Bt ug
- 135 BOSS 27 09
96, BOS7 BE  B1BS
37 BOSA B0  EO7E
g >80S0 7E  BOOY
13 BOBO 3F .
WG  BLAF
uy B1AF
42 B1AO
43 BtBt
4y  B1B3
U5  'B1BS 20 20 Ou
g . E2C5
Ty ECQBF
ua EO07E
ug £101
50" £1AC
51 j
0 ERAOA (S) DETECTED
SYHBAL TRBLE:
RA B03g  BHTA B1AF
DELAY1 E2CS INEEE ELRC
POATAL EQTE  SKATA BO2B
STR®  Bt1B3 TEL8S -BOBO

STAART |

CONV

cCt

SKATA
8TAVA

AA

"TELOS

BHTR
COUNT
STARE
3TAa
L INE
BELAT1
BUT2H
PORTAL
BUTEEE

[5{EE

cct
L INE

START

NAM
0RG
LOY
LDAA
STRA
CLBA
CLA
STRA
LOX
JSR-
LOAA
BITA
BEQ

LOAR

LDAB
BITA
BEQ
0RARA
BRA
ANDA
ST0
CHPYT
BNE
INC
DEC
BNE
LDAR
STAR
LOX
JSR
LOX
JSR
JSR
CHPA
BED
LOX
JSR
JHP
SHI
aRG
RMB
AKB
AMB
AMB
FCB
EQU

. EQU

EQU
EQu
EQU
END

BaQ16
Bt8s
Boou

OFFSET
$8000
~$F800
a$8ly
COUNT

BHTA

. $D3EQ

=%$801AR
DELRY!
s03E0
2510
CCt
$03EQ
SO03E1
n%$08
SKATA
asFQ
STAVA

(5]

_ a$0F

S5TORE

STORE

RR

BHTA

CAUNT .
cony : '
BHTRA :

STRA-

STRA

“BUT2H

L [NE

PORTAL

INEEE

a'F

TELAS

al [NE -
POATAL

STARAT

$BLAF
{

{

2

2
520,520, 504
$E2CS

$SEQBF

SEO7E
SE10L .
$E1AC

CBNV . BOOD  COUNT B1BO
GUT2H EOBF  AUTEEE E1D1
STAVR ,B02D STOBRE 8181

..224
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J APPENDIX IV
. -~
LIST OF PROGRAMS
} PART 4: PROGRAM GAIN WRITTEN

, R IN MOTOROLA 6809
: . ASSEMBLER
. /M_) . :
' PROGRAM GAIN IS USED

FOR A/D CALIBRATION'

DEVELOPED BY.
STAVROS A. ARGYROPOULOS

McGILL UNIVERSITY

_ (J 1981



t
© 2 BOOO
3 8000
4 BOOU
.S BOOB
6§ 8009
7 B0OA
., 8 B000
g BO1O
Lo 8O3
i1 BO16
12 . BO1S
13 BOLB
14 BOLD
1S B020
1§ 8023
17 BO25
18 BO27
19 8028
20  BO2B
21 BO20-
- 22 BO3O
23 BO3U
24 8098
. 25  B039
26 BO3C
27 BO3E
28 8041
29 BONN
30 BOW?
31 BOYA
32 BOuD
33 BOSO
. 34 BOS3
35 BOSS
36 BO5?
37  BOSA
38 >BOSD
39 BO6O
MO B1AF
Nt BLAF
N2 B1BO
43 8181
uy  g1e3
4S  B1BS
ug .
u7
ug
ug
50
51

0 ERROA (S} DETECTED

SYMBOL TABLE:

AA B03S
DELAYY EZCS

* PDATAL EO7E

5TRAO B183

LO8E O7FFF
86  6u
B7 - 8180
ur e
IF  BLAfF
B9 03E0
8E 4014
B0 E2ZCS
B6  D3EQ
85 10
27 F8
g6  D3EC
F6  D3EL
as 08
27 04
8A FO
20 gz
BU  OF
FD  BLBL
10BC 8181
26 03
7C  BLAF
78 B1BO
26 CF
BS  BLAF
87 B1B3
8E  B1B3
80 EQBF
8E  B1B5
B0 EO7E
B  ELlAC
at us
27 03
BE - B18BS
BD EQ7E
7E . B0O0Y
3F
20 20 ou
E2CS
EOBF
EQ7E
E101
ELAC
BHTA BLlAF
INEEE E1AC
SKATA 480?28
- TELOS BO6O

START

CONV

cth

SKATA
STAVA

AR

TEL@S

BHTA
COUNT
STORE
37RO
LINE
JELAY1
guT2H
FOATAY

OUTEEE-

INEEE

*CC1
" LINE
START

NAM
ORG

"LDAA
"STRA
- CLRA

CLA
5784
Lox
JSR
LBRA
BITA

" BEQ

LDAA
LDAB
BITA
BEQ
ORAR
BRA
ANDA
STD
CHPY
BNE
INC
DEC
BNE
LOAA
3TRA
LoX
JSA
Lox
JSA
JSH
CHPA

‘BE®

LDOX%
JSH
JHP
SWI
ORG
RMB
RMB

" BHB

RBHB
FC8
EqU
EQU
EQU
EQu
EQU
END

BOiB,
B1B5
ooy

+

CAIN
sB0o0o
#507FF
ad 6l
COUNT

BHTA
$D3E0
«5801A4
DELAY1
$03ED
2510
CCt
503ED
303E1
a%08

r

SKATA™

a5FQ
STAVR
a30F
STORE
STORE
AR
BHTA
CAUNT ™
CONY
BHTA
STRAO
ASTR0
eunzeH
aLINE
PRATAL
INEEE
a'F °
TELOS
»L INE
~PDATAL
START

/r\\?lﬂF

n RS e e

520,520,504

$E2CS
$eoQgrF
$EQOTE
5E101
$ElAC -

CONY
BUT2H
STAVA

8qoo
" EOBF
Bozo

COUNT

BLBQ

QUTEEE E1D01

STORE

181

226



[

- 1

. APPENDIX IV

LIST OF PROGRAMS b

PART 5: PROGRAM DISSOLUTION
{

WRITTEN IN FORTRAN

DEVELOPED BY
STAVROS A. ARGYROPOULOS
McGILL UNIVERSITY

1981
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b ]
PROGRAXM --- DISSOLUTIAON -
AEAL«Y T (2,185) \H1185,2) ,LHTI,LHTR, HTI1,MTI2
REAL~Y .HFE HFETI1 ,HT1FER,MT2FE MTLFE,MT2L, MTL2, Q0 (185} )

REAL=Y OTR[183) . 0TLH (183 .Q{185) HFET2R ,MFET2,HFETL, HT12,.MT21
REAL#Y HPFE,LENGTH, ITA,KTU1 . KT2,KTIL, LHFE,KFE,MTIL

REAL~Y HT2FER,MTL1,MT1L

REAL=Y4 RADIUS.RAD,RO, A1

REAL=Y KT, KEQ,KFETI1 ,KFETI?

INTEGER CI.INDEX (200 = . -
coMMON /PARTL/ OLX,0LXS5,X,A,KFE,Q,TRE,TT,TR,TL,M.T

COMHMON /PARTE/ MTAFER,MT2FER,MT2FE,MTLFE,MT2L,MT1,HT2 ‘
CAHMMBN /PARTI/ MTIL,HMFE,MT12,HT21,HFET2A,MFETL, 0ERD, AARD1 .
CAMMON sPARTU/ DEFE,CPFE,QMTIt,QHTI2, QMTIL,HPFE, KT

CAMMOBN /PARTS/ DLXZ22,KT2.KTIL,MFET2, QGEN

CamMBN /PARTE/ OTR,OTLH,QGY,DRT,D%,.CPTI1,CPT{2.CRTIL,DLT

COMMON /PARTT?/ LO,N,CI, N3

SECTION 1 ---
INPUT DATA

READ IS, 10 (INDEX{IDY , [I=1,2D
FBRMAT (20AN)
READI5,11L6
- L@:NUMBER 8F NOODAL PGINTS
FEBRMAT [12)
READ 15,31 JTER
ITER: NUMBER -8F [TERATIANS
FBRMAT (6]
FORMAT (F12.3)
REARD 15,21 0LT
DLT: ITERATION TIHE
READ (5,21 CaAUL
COUL: CAOLING ARTE @F THE BATH
READ (5, 2)LENGTH
LENGTH: CYLINDER !HHEHSIUN LENGTH
HEHUIS 2) [TR
- [TA: INITIAL TEHPEHHTUHE B8F THE CYLINDER

READ 15, 2) MPFE ha
MPFE: STEEL MELTING PBINT .
READ (5,2) TA .
TR: TRANSFEAHATION TEMPERATURE -
AEAD 15,2) TL
TITANIUM HELTING PBINT \VJ

READ IS, 2) CPTI1
CPTL1:CP FBR THE FIRST RANGE
RERD I5,2) CPTI2
CPTI12:CP FOR THE SECAND RANGE *
READ (5, 2) CPTIL
CPTIL:CP FBA LIQUID TITANIUM
READ 15, 2) KT1
KT1:CBNOUCTIVITY FOR THE FIRST RANGE
READ 15, 2) K12
KT2: CANDUCTIVITY FOR THE SECHND RANGE
READ 15, 2V KTIL
KTIL:CONOUCTSVITY FBA THE LIQUID TITANIUN
READ 15, 2) OLX
» DISTANCE BETHWEEN NODAL PBINTS
READ 15,2} CPFE
CPFE: CP FOR IRON
RERD (5, 2) KFE :
KFE:CANOUCTIVITY FBA IAON _ : . ’
READ (5, 2) DEAD ; : .
DEAD; DENSITY OF TITANIUM



OoOOOoOon

READ (5, 2) DEFE
© DEFE:DENSITY OF [RAN
READ(5,2)8 .
RERD (S, 2) QGEN
READ IS, 2) LHFE
LHFE;LATENT HEAT 8F IRON
READ I5,2)LHTL:
LHTI:LATENT HEAT OF TITANIUM
READ IS, 2) LHTR
LHTA:LATENT HEAT BF TRANSFBRMATION
READ 15,31 (1 ,
COUNTER FOR @UTPUT
READ (5,2) SPH
3PH: SUPERHEAT
RERD (5, 2) A '
R:RESISTANCE *
READ 15,2) TRE
RERD IS, AILL -
READ1S,2) OAT
READ(S,2) QGt
READS,3) NUMBER
READ(5,3) LAST

JECTION 2 ~-=
CALCULATIONS OF DIFFERENT M VALUES
B AND INITIAL CORDITIONS

DITA=LHTA/CPT I

JJiso

OTTUH=LHT{/CPT {2

OTTFE=LHFEACPFE

OLX22=DLX«x2.0

CPFEE=CPFEmDLYX22

HTil—lKTluDLT]/IDERD«CPTII&DLXEE)

AT12= (KT2«0LT) / IDEADCPT [2x0LX22)

HTiL= IKT{L«OLT) 2 [OEAD#CPT [LxBLX22)

HFE= IKFEwOLT)'/ {DEFEXCPFEE) '
HFETJl—lEuKFEnKTlﬂDLX*DLT]flIKFEMDLX*E #RuKFEMKT1+KT1&DLX) =
ICPFEEXDEFE) :

KFETI 1= (2xKFEXKT1KDLX) / (KFEXDLX 2. xAKFEnKT1#KT1nOLY)
KFET[2= (2nKFExKT260LX) / (KFEXDLX +2, «AuKFExKT2+KT240LX)

-

¥

HFET2R= 2xKFExKT2&0LXnDLT) / [ IKFE#OLX+2, sAMKFEuKT2+KT26DLX) «

ICPFEEDEFE)

HFET2= (2, OIKFEGKTEKDLT]f“KFE*KT?]“CPFEEGUEFE}

MFETL= [2uKFEaKTIL#DLT) / | {KFE+KT L) «CPFEE=DEFE)

HT12= [2oKT1aKT2«0LT) /L IKT1+KT2) wCPTI1#0EADKOLX 22}
~HT21=12, UAKTEAKTInDLT]/([KTI*KTE]&CPTIEnDEHUADLXEEI

HT1FER= I2aKT1aKFE&DLY) wDLT/ [ (KT1®OLX+2, OxRaKFERKT 1 +KFEn

10LYXY «CPTI1=0EADADLX22)

HT2FER= IE«KTEKKFEADLX]«DLT/[IKTZqDLX*E OnAuKFEMKT2+KFEm

10LY) ®CPTI2=DERQADLYX22)

HT2FE= (2nKT2nKFEﬂDLT)/l(KTE*KFE)uCPTI?ﬂDEHDuDLXEE]

HTLFE={2. 0aKTIL#aKFE«DLT) / { (KTIL*KFE} aCPTIL.DEADRADLX22)

HT2L= (2, 0aKT2#KT[LxOLT) /A (KT2+KTILY «aCPTI2xDEAD=DLX22)

HT1L= 12 GﬂKTanTILﬁDLII/}lKTl*KTIL]uCPTIIuDEHDuDLXEE]

HTL?=IE.UuKTEKKTILuDLT])a(KT?*KT]L]ACPTILuDEHDuDLX223

HTL1= 12, AT I=KTILADLT) / KT 1 +KTIL) «CPTIL«DEADXDLX22)

AQHTI1=0LT,/ (CPTI1=DEAD)

AMTI2=0LT/ {CPTI2=«DEARD]

QHTIL=0LT/ ICPTIL=ODEAM

SHTI1=QHTI1/0L%X22

SHTIZ2=0QHTI2/0LX22

SHTIL=QHTIL/0LX2?2

WAITE (6,34) ([NOEX(IfY.11I=1,2D)
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3y
35
3
37

38

EL
ua

g1

Yz -

us3
yy
us

ug

47

4s

us

50

51

52

53°

54
55
58

57

58
53

60

61"

B2
63
BU

85

L 230

I

FORMAT (1Y, //, 1%, 20RY)

WAITE I6,353L0

FORHAT I3X, 'NUMBER 6F NOBDAL PEINTS =', 1S5

WAITE [6,38) ITER

FARMAT (3%, 'NUMBER @F ITEHHTIUNS L) : : v
WRITE |6, 37 OLT

FORMAT 13X, *OLT ="', F10.W

WRITE 16,381 COUL

FORMAT (3%, *BATH COULING RATE =, Fi2.W)

HRITE 16,39 LENGTH

FARMAT (3X, 'CYLINDER LENGTH ='.F12. 1) X
WAITE L6, 4OV ITA

FARMAT 13X 'ENITIAL TEMPERATURE aF THE CYLINDER '=',Ft2,W)
HRITE 16,411 HPFE

FBAMAT (3X, *STEEL MELTING PEINT =', F12.W)

WRITE (6,42) TR ) T
FBRMAT [3X, 'TARNSFORMATION TEMPERATURE =' F12.W)
WRITE 16,ua)1 TL -
FARMAT 13X, 'TITANIUN HELTING FﬂINT ', Fig. W )
WAITE (6, NUWYCPTI . <
FBAMAT {3X, 'CP FAR THE FIRST RANGE =', F12.4}

HRITE (6,U5)CPTIZ

-FORMAT 13X, 'CP FOR THE SECHAND RANGE =',Fi12.4)

WRITE 1B, UBYCPTIL

FORMAT (3%, "CP FOR THE LIQUID TITANIUM =',F12.W)

HRITE (B, 471 KT .

FABRAMAT (3%, 'THEARKAL CONDUCTIVITT FBRA THE FIAST RANGE ="',Fi2.4W)
HRITE 16, UBIKT2

FAAMAT [3X, 'THEAMAL CANDUCTIVITY FEBR THE 3SECAND HHNGE =',fFl2.4)
HREITE (6, UIKTIL ¢

FORMAT (3X, 'THERMAL CANDUCTIVITY FBOR THE LIUUIU 11 ="' Flz. W)

- WRITE (6,501 0LX

FBAMAT (3X, *NODAL POINTS OISTANCE =',F12.W)

WRITE 16, 51) CPFE 7
FORMAT (3X, 'CP FAR IRON =',Fi2.4) :
NRITE [B, 52 KFE

FOAMAT (3X,.' THEAHAL CONDUCTIVITY FOR IRAN =',F12,4)

NRITE 16,53) 0EAD

FBAMAT 13X, "TITANIUM DENSITY =',F12.4)

NRITE (6, 54) DEFE

FORMAT (3%, 'IAON DENSITY =' Fi2.u)

HRITE 16, 55) 8

FOAHAT 13X, 8=, Fl2.u) ' ,
WRITE (6, ss1ussu , .
FORMAT 13X, HERT BENEHHTIHUN =',F12,%

WRITE 168,57 LHFE

FORAMAT (3X, '"LATENT HEAT @F [ARON =',F12.W)
NWAITE L6, 381 LHTJ ’
FORMAT [3X, 'LATENT HEAT @F TITANIUM =',F12Z.4)
NAITE [B,59)LHTR

FBRHAT (3X, 'LATENT HEAT B8F TRANSFAARHMATION =',F12.,4)
HRITE l6, 607 I

FBAHAT (3%, *FREQUENCY OF duipPuT =',[6)

HRITE (6,681} SPH :

FORHAT (3%, 'ITEEL BATH SUPERHEAT =',F12,W)
HRITE {6,B82) A

FORKAT (3%, 'RESISTANCE =',F12,W) Y
WAITE (6, 63) TARE .
FORHAT (3%, 'REACTIAN STAATING POINT =',F12.4)
HRITE 6. BUIMT 1

FORHAT (3X.° HTI1 =',Fi2.0]
HRAITE (6B, 85T 12
FARMAT 13X, ' MTI2 =',F12.1)

HRITE 16, BBIMTIL



66
87
68
89
70
n
72
73
M
15
75.
77
18

19
80
a1
82
83
0
85s
86
87

88

8300

8910

6320

g8a3a
c
C

FAAHAT (3%, HTJdL :T?¥12.H1

HRITE |6, 87 HFE

FORMAT (13X, *  MFE =',F12.4)
WRITE (6, BBIMFETI1
FOAMAT (3%, ° HFETIU =',F12, W

HRITE (6,89 HFET2R ,

FORMAT (3%, * HFET2R =',Fi2.u)

WRITE (6,703 HFET2 .
FORMAT {3X, '  MFETZ =',F12.1) '
NAITE [6, TV HFETL

FORHAT (3X, ' MHFETL =',F12,1)

WRITE (6,721 HT12

FOAHAT (3X, ' HT12 =',F12.U)

WRITE {B,73) AT21 .

FORMAT (3X, ' MT21 =',F12.4)
WAITE (6, 7YY HTLFER

FORMAT (3%, * MTIFER =',.Fi2.W)

-HAITE {B,1SIMT2FE

FAOAHAT (3X,° MT2FE ='.F12. W)
HAETE 16,763 HTLFE .
FORMAT 13X, ' HTILFE ='.F12.W)
HRITE LB, 7T HT2L

FBAMAT (3%, * MT2L ="', Fle. W}
HRITE (6, 7BIHTLZ

TFORMAT I3X, ' MTL2 =) F1l2.u)

HRITE [6,778) SHTI1
FOAMAT 13X, ' SHTI1 =',F12.W)
KRITE |6, B0) SHTI?

FORMAT (3X, '  SMTI2 ='.F12.4)

WRITE (6, 81) SHTIL

FORMAT (3X..' SMTIL =',Fi2.41 . A
WAITE 16, 82) QMTI1 : L‘\nyf

FORMAT (3X, ' QHTIL ="', Fi2.W
WAITE (6,831 QMT[2

FORMAT (3, auTiZ = F12,.W)
NRITE i6,B8U} QMIIL
FARMAT (3X, ' OMTIL ='jFiz.\

NALTE (6.851LL

FOAMAT (3X, ' LL ='.ID) .
HRITE |6, 861 HT2FER . '
FAAMAT (3%, 'MT2FER =',F12.4)

NRITE {6,871 MTL1 '

FORMAT (3%, * MTL1L =',Fl2. W)

HRITE (6,880 MTiL

FOAMAT {3X, ' HT1L ="', F12.W)

HAITE |6,8800)1 OAT

FORKAT (10X, *DISSALUTION FRANT MAVING RATE="',F12.3)
HRITE{6,88100 QG1 )
FORMAT (10X, 'FREE DIS3GLUTIAON HEART GENERATION RATE=',fFt2.3)
HRITE {6,8820) NUMBER

FARHAT (10X, 'ITERATIAON NUMBER WHERE FREE DISSBLUTION',

olX, 'STARTS="'. I6)

WALTE I6,8930) LAST : :
FOAMAT (10X, 'LAST NODAL PBINT FOR ITERATIONS', (61"
N=LO-1 /D

N: MOVEARBLE NOORL PHBINT F
Li=L+1

L1: -FIARST HODAL PAINT [N THE S$TEEL SHELL
L2=3xL0 ,
OLXS=0LX«0,5 :
DLX15=DLX#1.5 RS

X=0L%5
Hi=-TA+[TA '
H2=-TL+TR .

PR -
R B -
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30

100

101

OOMmMOOoo

A

' , Y

H3=-MPFE+ITA

00 90 J=1,L@

T, =118 -

MIJ.2) =MT 1 .

HiJ, 1) =HT (1 ' o~

OTR [JL=H}

DTLHIN =

ga . =qQuiit

giN1=0,0

CANTINUE

00 100 J=L1,L2

HIJ,2) =MFE

gln=0.0

gathn=0.0 e

OTR [J) =H3

OTLH1JY=0.0

CONTINUE

HIL1, VI =HFETI

CALL SHTIFE .
CALL SHTIR( IN @RDER T8 SET THE PROPER MI{LO,2)

Ng=L0-1 : ’ -

L3=L1+y

0o 10v J=L3.,L2

H1J,1) =MFE

CONTY RUE

RAD=tN2+0.5) #OLY ‘
caul=CcauyL=0LT , o,
RAD1= 12, =L 0-11w0LXS

RADZ=RAN1«n2 ., 0
TLEN=2,0x |2umx0, 51 o« ILENGTH)

Cl=0

TRAR=TA-DTTA

TLL=TL-DTTLH

TFFE=MPFE-DTTFE

NY=L1

HHY=U1u00,0/8.314Y

HH2=CPFE/KFE
HH3=ﬂﬂSB1.UﬁlLENGTH«N3]

HHY=0, 678 0UUKFE/LENGTH

HHS5=0, 38aKFE

E916-9./16.
FY8=-1, /9,
SECTION 3 —-- - RN

CALCULATES NEW TEMPERATURES
AND THE PASITJION AF STEEL SHELL INTERFACE

D6 3000 {=1,{TER

TT=I=0LT

IFIJJ1,HE. DY CG@ TO 105

SPH=5PH-COUL

TV=1808,15+3PH

TVA=HHL/TV .

V=0.003689«EXP ITVR) __ : L
DEFE1=7,015-0, 000883 3PH ,
PR=VaxHH?Z

CA=9PH« [DEFElux2«HAT) / (Vund]

Hi= 10, 492/PRY «« |[EGYE)

H2=11+H1) =xx [EYT)

HUy=HHY« [PAx«0, 23) xH?

" HI=HHSx [PAxa -0, 171} xH?2

H5=H3/RAD -
H=H5+HlUx [GAxx0,25)
E=ITLEN) / | [GA~«w0,25) xAAD]

232



BN Nor o]

10?2

t10

L

1y

115

120

STz, NEW TEMPERATURE AT THE FIHST NOOAL PAINT

T12,10=T 11, V) Wi 1-U, «M (1,2)) +4. Ouif (1, 2) =T (1,2) +@ (1) «0Q (1)
Hl=T (2, 11-T (1, 1
0TA{(1) =DTA (1) +H1
IF 11, GE. NY) DTLH (1) =DTLH (1) M1
AN=N-1
08 102 J=2.N 2
A=J-1 . .
1
Ti#,J) :NEH TEMPERATURES FROM THE SECOND NGOAL PEINT
UNTIL THE ONE BEFBAE LAST NODAL POINT

T2, N=2TN , HDxit- ML, 2)a ({2, 0xA+1) / (2, 0xAR))
e- HiJ. VIx112,0xA=-10/(2.0uA1 1) fa)
ot MIiJ, V)& [[2.0%A-1) /(2. 00AY Y T (L, -1)+" 3
oM (J,2)w [[2,0%A+1) /{2, 0nAY) «T {1, J¢1) +Q (J) =QQ (D)
H1=T {2, D-TI1.N
OTR () =0TA L) #H1 I
IFIJ.GE. R DTLH [ =0TLH (D) +H1
CONT [NUE

TI2.,N+11: NEW TEMPERATURE AT THE LAST NODAL PAINT

JAFiJJU.NE. DT CALL FREE
IFiJJ1.NE.OY 08 TO iud =~ “
ANT={{2xH+1Y /2, 00 OLX+X-DLXS
AN={{2«N-1) /2,01 «x0OLX
VN1X= [2uXsHxDLX +Xu®2, 0+ NaDLY22- (OL %22/,
1F IN+#1.GT.LMY GO Td 114
YN1aNaDLX2?
VFE=VNLX-VH1
WFE=VFE~DEFE
WN1=YN1=DEAD
AMERN= INFE+HN1Y /YH1X
IFITI,LBY.LE.TAY G& TO 110 f
IFIT01,L8 . GT.TR.AND, T (1,LEY LT, TLYGE TO 112
CP=CPTIL
KT=KTIL
G# TO 115
CP=CPTI1
KTaKT1
GO T8 115
CP=CPT[2 - *
KT=KT2
GO 10 115
"WEQ=KFE
CPHEAN=CPFE
AMEAN=DEFE
KT=KFE
IFIN#1,EQ,L1.AND, T{1,LB) .LE. TRYKT=KFETIL
IF IN+1,EQ.L1,AND, T {1, L8 .GT, TRYKT=KFETIZ
Ga 78 120
P=X-0LXS ‘
KEQ={OLX+2, 0nPI x (KTWKFE/ IOLXXKFE+?, OuHuKTuKFE+2 QuKjaP])
CPHEAN= [CPFEWFE+CP®HNL) / (WFE+WN1)
FIAST= (MPFE-T [t , N+1) Y MANI®KEQuOLT/ {XxAMEAN®KCPHEBNaYNLX)
SECAOND= (T [L,N#1Y=T {1, M) ) wANKKT«OLT/ (DLX®RHEANACPHEAN=VN1X)
TI2, 61 =T {1, H*1)Y +FIAST-SECOND+*Q IN+ 17 =QQ [N+1)
H1=T (2, Nf1) =T [1,N+1)
OTAIN+#1Y =0TA [N+1) +H1
IFIN#1,GE. NW DTLHINt 1) =0TLH [N+ 1} #H1

0%: CALCULATION BF THE MOVEMENT 8F THE INTERFACE

/2.0
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130 -

132

C
14g

C

)OO0 oM

160
161

—~— OO0

170
180
190
200

210
250

26?2

IN THE ITERRTION STEP
IFINe1, GT,LB) GB TO 130
KT=KT1 '
IFT(1,L0),6T.TA) KT=KT2
PaX-0LXS

KEQ= (OLY+2,0uPY m IKTuKFE/ (DLXaKFE+D, DanKT«KFE+

2?2, 0aKT«P))

Gg 70 132
KEQ=KFE

OX= IMPFE-T [1, N+1])uKEQnDLTI[DEFEHLHFENX)-

© {HuSPH=OLT) / [DEFEmLHFE]

t

¥

¥: DISTANCE OF THE SHELL INTEHFHCE FRUH THE LAST NGDAL PAINT

X=X+0%
N3=N+1

RAD : RADIUS &F CTLINDEH IN EVEHY ITERATIAGN STEP °

RAD= [ 12, nN+1) xDkX) /2, +%-0LXS
NDIF=N-LAST
IFINDIF)3100,3100,153

SECTION Ymmmm

THE PROGAAM CHECKS FEOA THE PASITIGN a@F STEEL SHELL

LIQUID STEEL INDERFACE

IF X~D0LX5) 155,160,160
R=R~-1

N3=N+1.

X=X+0OLX

¢a 70 165

IF IX-0LX15) 165,161,161
H=N+1

N3=N+1

X=%-DLX

TI,N+1) = IMPFEsDLX+X®T (2, N} T 2 {X+0LX)

OTRIN+#1) =T (1, N+1) -MPFE

SECTION § ---

CALCULATION BF LATENT :HEAT BF THHNSFUHHRTIUN

08 250 J=1,L0
IF {J.GE.NY) GB TO 140
IFIDTR{J) . GT.0.01 GB T8 170
111,00 =0TR {J) ¢TR .

68 70 250

(FIDTRIJY.GT,OTTAY GB TO 180
T, 5 =1A )

GE 18 250

T11,JY =TRA+DTA (1)

UTLH[JI—UTLH(J]+[CPT11ulTl1 J]—THT/CPTIZ]

Nl=J

IF I0TLK (J1:GT.0.0) GO T4 200
T11,0) =0TLH LD #TL ,
8 T0 250
IF0TLH 101, GT.DTTLH) GEB 18 210
T, =Tl

GO 10 250

T, =TLL+OTLH D

CONTINUE

IF L. GT.N3) GB TO 270

00 260 J=L1,N3 -
IFI0TA(J).GT,0.0) GO TO 262
T11.J) =07R (J) +MPFE

GB T0 260

JIFIOTAGY L GT,OTTFEY G8 7@ 264

111,00 =HPFE

P
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po

235

GO T8 260

264 TN =TFFEXDTR LD

260 CORTINUE )

2710 {FILL,EQ, 01 GB 78 365
IFiCI.EQ.0) CALL TEMPER
IFICI.NE, D) CALL REACT!

C
C SECTION & ---
C SETS PROPER M VYALUES '

965 IFITN, 1V ,6T.TLIGA TA 400
IFITOL D LGT.TALANDL T, 1, LE,TLYGS T@ y20 '
IFIT, V). LE.TRYGA TO 425 : .
400 DO 40s J=t,LO-
- HIJ, 1) =HTIL
405  CONTINUE : B v
08 410 J=t,N2
HIJ,2Y=HTIL
Y10  CONTINWUE
CALL SMTLFE
8 T4 500
Y20  IFIT01.2) . GT.TLIMIL, 2) =HT2L
IFIT(1.2) . GT.TR.AND. TI1.2) . LE.TLIM (1, 2) =HTI2
G8 TQ 430 : Y
425 IFAT 11, 2) L 6T.TLIM (L, 2) =HT 2L
IFITN.2) . 6T TR, AND.TI1,2) .LE,TLYH[1,2324T12
IFIT (1, 2) LE.TRIM (1,2) =MT {1 s
Y30 08 460G J=2,N2
IFAT 1,0 ,6T,TLYGA T4 4as
[FAT (1, GT.TRLAND, T, ) L LE,TLIGCS TO uup
IFAT (1, ). LE.TRYGE" TO 4SO . L™
435 M I1J,2) =MTIL . .-
IFIT 0, J=-1) LGT, TLIM LI, 1 =HTIL .
IFAT 0. J-U L GT.TRLAND. T, J- U LLE.TUIH J, 1) =HTL2
IFITM.J-1) ,LE,TRIMIJ, 1) =HTLL -
Ga 10 4GB0 o : '
uun IFIT 0L, J¢1) L GT,TLIHId, ) =HT2L N
IFIT 8, Jd+1Y . GT.TR.AND, T, J+1) ,LE.TLYM{J,2) =MTI2
IFIT 01, J-11,6T.TALAND, T {1, J-11,LE.TLIH {J, 1) =MTI2
IFIT,J-1Y ,LE.TRYH 1, 1) =HT21
Ga T0 460
4so  IFIT 0, J+1).GT.TLIMII, 2) =MTLIL
IFAT UL, 0+ 1Y 6T, TR.ANDL T U1, J+ 1) L LE. TLIM (J,2) =HT12
IFIT 1, J+ VY LLE, TRYM (J, 2) =HMT 11
HIJ,1Y=HTI1
40  CANTINUE , :
[F{T(1,L8}.GT,.TLIGA TO 470
IFIT 1, L8, GT.TR,AND. T (1.L8) ,LE. TLIGE Ta 4a0
IF(T (1, L8, LE.TRYGA T8 440
470  CALL SMTLFE
IFIT (1, N2)Y,GT.TLIM (LA, 1Y =HTIL
[F 4T 11, N2Y.GT.TR,AND. TI1.N2) .LE. TLY M (LO, 1} =MTL?
IF IT 1. N2Y ,LE, TRY M ILO, 1) =HTL1
Ga T8 500 .
4§80 CALL SMT2FE : . '
[FIT (1, N2),GT.TA.AND, T {1, N2Y . LE,TLIMILE, 1) = =HTI2 . e
IFIT(1,N2) . LE .TH)H(LU 1) =HT21 at
G# 70 500 :
490" CALL SMTLFE
HILG, 1IaMTIL - .
500 IF(N*1.GT.LO)GO T 510
'60 T80 1200
510  IFITI1L,LO).GT.TLIMILL, 1) =HFETL 4
IFITI1,L0) .GT.TRLANG. T, LD ,LE.TLIH (L, 1) =sMFET2R



3101 FBAMAT('0'.20X, 'L A 9T TEMPERATURE"
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FFIT L, LE) ,LE.TRYM LY, U =HFETIL . i i : N
1200 00 1210 J=t,L0 T :
IFIT 1L, 00 LELTRY QR I =QMT I
IFUT 16, ) GT.TRLAND, T UL, ) L LE.TLY QQ{J) =QMTI?
IFIT 1L, J1 . G6T.TLY Qatd =QNTIL
1210 CONTINUE
IFiJJ1,EQ, 0T GA TO 28080
[FIMOD LI, I1) . EQ.0) GA TO 1300
G8 70 2900
1300 WRITE (B, 13000TT, IT{1,J),J=1,ND)
1301 FORMAT LiX.F12. 4,10 MY, F10,4), /6%, 10 (1%, F1o.4],
176X,10 11X, F10.4) , /BX, 10 11X, F10,4),/6X,10 1%, Fl10.4),
178X, 10 11X, F1Q,4) , /BX, L 11X, F10, W), /6%,10{1%,F10.4),
1/6%, 10 11X, F10.4Y, #BX, 10 (1¥,F10.4), /6%, 101X, F10.4),
B/BX. 10 1Y, FU0,HY, ZB%, 101X, F10.4), /6%, 10 (1%, F10.Y4),
1/6X. 10 (1X,F10.4)1,./6%,10 [1X,F10.4)) - C e
NRITE (6, 1302) X, RAD
1302 .FORMATL'D', 'DISTANCE FROM LAST NOOAL PEINT="',F10.5.
$10%, 'RADIUS BF CYLINDER=',F10.5}
2900 IF [1.EQ.NUMBER) G8 7@ 2910
G8 70 3000
2910 N3=L0-1 .
N=N3=-1
,X=DLX1S
JJi=1 S
T, L0) =MPFE+3PH
3000 CONTINUE . .
3100 WRITE I6,3101)

HWALTE 18, 13013777 (T 11,0V, J=1,N3) -
T 570P = o
: END - | . '
SUBROUTINE TEMPER - a
AEALaY T(2,1851,M1185,2) LHTI LHTR, MTI1, HTIZ
REAL#Y MFE.MFETIL, MTIFER,MT2FE, MTLFE,MT2L,MTL2. QQ (185}
REAL«Y DTA (185), DTLHILBS),Q 1185) ,HFET2RA,MFET2, MFETL , NT12, HT21
REAL®Y MPFE,KT1.KT2,KTIL KA, MT2FER, KFE
REAL~Y MTIL,HTL1,MTIL
INTEGER CI, INDEX {20) ,
COMMON /PAATL/ OLX,DLXS.X,A,KFE,Q.TRE,TT,TR,TL .M, T
CAMMON /PART2/ MTIFER, MT2FER. MT2FE,MTLFE, MT2L, MT1, HT2
COMMON /PARTA, MTIL,MFE.MT12,MT721., MFET2R,HFETL, 0EAD,RAD1
COMMON /PARTY/ DEFE,.CPFE,QMTIL,QMTI2, QMTIL, MPFE,KT1
COMHMON /PARTS/ ODLX22,KT2,KTIL,MFET2, QGEN.
COAMAON /PARTI/, LOGN,CI, N3 .
IF(T (1,L81,LT.TR) HKA=KT1 S
IFIT(1,L0) ,GE.TR.AND, T 11,187 LT, TL) KA=HT2
IF1T11,L01.6T.TL) KA=KTIL , o
{FIN*1,GT.L0) .8 TO 5 i
Y=X ' _ . ’
TPFE=MPFE : :
G0 70 B .
5. Ya0LYX . -
‘ TPFE=T (1,10+1) : L
& F1=TPFERKFE/ (Y-OLXS) g
F2= {1+ (KAXA/OLX5) ) «A
- F3=KAxT (1, L8) «AY0LXS
FU=KFE/ [Y-DLX5)
FY=FUYf1, /R "~ -
Fu=1, /FY4
FS=FY/F?2
FE=F3xFU/F2
FI=FisFY )



20
25

4o

c e——

10

20

100

TSHEL=IF7+FB) / 1, —FS]

FBaF27R ‘ -
TADD= TSHEL+F3) /F8

IF [TSHEL.GT.,TRE,AND, TADD.GT.TRE) @ 718 20

Gd 10 uO0 ‘ .

Cl=CI+t

WRITE 16,25} TT .
FORMAT ('0", 777/ 20%, 301", ///,20%, 'THE REACTION STARTS AT =
$F10.5,2%, "SEC', /77,200,301 " Y, /2//7/)

HFET2R=MFET2 .

MT2FER=MT2FE

R=0.0

RETURN T

‘END

SUBRGBUTINE SHTIFE™" C ' -

REAL=Y T 12,189) \HI{185,2) ,LHTI ,LHTA,HTI1,HTI2

REAL»W MFE,HMFETIL,MTYFER,MT2FE, HTLFE,MTPL, HTL2,QQ (185)

REAL«Y DBTA 11851 ,0TLH (185} ,Q (1B5) ,HFET2R,HFET2,MFETL,HT12, HT21

REAL=U MPFE, HTEFEH KT, KT2. KTIL, Kﬁ KEQ,KXFE

AEALAU MTIL,MTLL,MTIL

INTEGER CI, INDEX (20

COMHAON /PRART1/ OLX.DLX5.X,R,KFE,Q,TRE,TT,TA, TL,H,T

CONMOBN /PART2/ MTIFER,MT2FER,MT2FE.MILFE, HT2L,HT1.HT2

COMHON /PART3/ HMTIL.MFE,MT12,MT21,MFET2R.MFETL,DEAD, RADL

COMHEN /PARTU/ QEFE,CPFE,QHTI,QMTIZ, QHMTIL, HPFE KT1

COMMOGN /PARTS/ OLX22,KT2,KTIL,MFET2,QCGEN

COHHGR /PAAT7/ LB, N,CI,N3

IF IN+1,GT.LO) GB 70 1T

Ga 18 20

HILG,2)=MTLFER .

Go T8 100 : ' .

P=X-0LX5 ‘ '

KEQ={OLX+2, UNPIpIKTIKKFE/lULXuKFE*E OuAAKTIwKFE+Z, OnKT1xP))
HiL@, ?]—[QHTII/I(ULXS*X)“ME 000 I #KEG

HETUHN - .

SUBRBUTINE SMT2FE :

AEAL=Y T12,185) ,H{185,21 ,LHTI , LHTA.MTI1.MTI2

REALWH MFE,MFETIV . MTAFER,HT2FE, MTLFE, MT2L,MTL2, QQ (185}
REAL=Y OTA1183),DTLH{185) ,Q[185) ,HFET2A. HFET2,HFETL MT12,.HT21
REAL=Y MPFE MT2FER.KTL1,KT2,KTIL, KA, KEQ,KFE -

REAL=UY MTIL MTLL1,MTIL -

INTEGEA C[, INDEX (20)

COMMAON /PART1/ OLX,DLXS5,%X,R,KFE,Q,TRE,TT.TA,TL,H, T
COMMON /PRART2/ MTILIFER, HT?FEH HTEFE MTLFE,MT2L , HT1,HT2
COMHMOBN /PART3/ HTIL.HFE.HT12.HT21.HFETEH.HFETL.DEHD.HHDl
COMMAN /PARTU/ DEFE.CPFE,QMTI1,QMTI2, QMTIL,MPFE, KT
COMMEAN /PARTSs OLYX22,KT2,KTIL,MFET2, QGEN

" COMME@N /PART7/ LO,N,CI,N3

IF [N+1.GT.LE) . GA 78 10

ga 76 20

MI(LE,2)=MT2FER

Gg 70 100

P=X-DLXS5

KEQ= {0LX+2, 0uPY % IKTEHKFE/ (DLXMKFE+2, OuAMKT24KFE+2, OxKT2uP))
HILG, 23 = [QHTI2/ [{DLX5+X)Y mu2, 0007 ) «KEQ

RETUAN

END

SUBROUTINE SMTLFE
REAL~Y T (2,185) .M {185,2) ,LHTL.LHTR MTI1,NTI?
REAL«U MFE,MFETI1,MTUFER,MT2FE,MTLFE, HT2L,HTL2, QG (185)

L4

B

237
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REAL~U OTA {185) ,DTLH (1851 ,0Q (185) ,MFET2R, HFETE HFETL, HTIE Hi21
REAL«Y HPFE, HT?FEH KT1, K72, KTIL KH KFE,KEQ K
REARL«Y MTIL ,HTLY, HMTIL
INTEGER CI, INDEYX (20}
- COMMGN /PARTL/ DLX,DLXS,X,A,KFE, g, TAE, 7T, TA, TL. M, 1
// COMMAON /PART2/ MTIFER,MT2FER,MT2FE,HTLFE,HT2L, HT1,HT2
COHMAN /PARTI/ MTIL.MFE,MT12,HT21 ,MFET2R, MFETL, DEAD, RAD!
COMMON /PARATU/ OEFE,CPFE, QMTIV/QMTI2, QHTIL, MPFE, KT
COMHMON /PARTS/ OLX22,.KT2,KTIL/MFET2. QGEN
COMMEBN /PAAT?/ LA.N,CI,N3
IF IN+«1,GT, L8 CG& T8 10
G 70 20 : . ' :
10 MIL8,2) =HTLFE ‘ ST
G8 T8 100 ;
20 P=%-DLXS5
KEQ=10LX+2, 0nPYI & (KT IL#KFE/ (DLXMKFE+2, OHKTILnF])
HILO,2) = IQMTILY [ (DLXS5+X) an2, 000Q0) ) xKEQ
100 RETUHN
- END -

SUBRABUTINE REACTI

AEAL=Y T12,185) M (185,2) ,LHT!,LHTR,MTI1, HTIE .

REAL=Y MFE,MFETI1.MT1FER,NT2FE, MTLFE,MT2L.HTL2, QQllBS]

REAL«4 DTA [185) . DTLH (185) .0 [185)- NFET2R, MFET2. MFETL.HT12.MT21

REAL=Y HPFE,MT2FER.KT1.KT2.KTIL, KA

REAL#U MTIL,MTL1,MTiL,KFE

INTEGER CI,INDEX (207

COMMON /PARTL/ OLX.DLXS.X.R,KFE,Q,TRE,TT.TA,TL. N, T

COMMEN /PART2/ MTIFER,HT2FER,MT2FE,MTLFE, MT2L, HT1, HT2

COMMAN /PART3/ MTIL,MFE.MT12,MT21,MFET2R.MFETL, DERD,BARD1L

COMMAN /PARTY/ DEFE,LPFE,QHTI1, QMTI2, QMTIL, MPFE KT1

COMMAN /PARTS/ DLX2F,KT2,KTIL,MFET2, QGEN :

CAMMON /PARTT/ LB, N.CI,N3

00 10 J=1,N3 : 5

Q1J1=0,0 o :
10 CONTINUE

QL) =QAGEN

RETURH

END

SUBRBUTINE FREE
REAL«Y T (2,185} ,M1185,2) ,LHTI,LHTR,HTI1, HTI2
AEAL=Y MFE,MFETI1,MTIFER,MT2FE, NTLFE,HT2L,HTL2. Q0 (1851 .
REALAY OTAI1BS) ,DTLH{185),Q (185) ,KFET2A, HFET2, HFETL.NT12, HT21
AEAL=U MPFE,LENGTH,ITA,KT1,KT2,KTIL, LHFE,KFE, HTIL
REAL«Y MT2FER,MTL1,HTIL
" REALaU KT,KEQ,KFETIL,KFETI?
INTEGER CI,[NDEX (20)
COMMOM /BARTL/ OLX.OLXS.X.R,KFE,Q,TRE,TT.TR,TL.#,T
COMMOBN /PART2/ MT1FER,MT2FER,MT2FE.MTLFE,MT2L, HT1, HT2
COMMEN /PART3/ MTIL,MFE,NT12,MT21,HFET2R.MFETL, DEAD, RADL
COMMON /PARTY/ DEFE,CPFE,QMTI1,QMTI2,QMTIL,MPFE, KT1
COMMEN /PARTS/ DLX22.KT2,KTIL.MHFET2, QGEN '
COMMEN /PBRTE/ OTR.OTLH.QG1,ORT, DX, CPTI1.CPTI2. CPTIL, OLT
COMMBN /PARTT/ LO.N,CI, N3
AN1= [ [2aN+1) /2. 0) #OLX +X~DLXS
. BN=t(2xN-1)/2.0) xDLX
b YN1Xa (2aXnNaDLX +Xnn2, 0¢NuOLX22- (DLX22/Y4.0)) /2.0
S o IFIT UL NCD LLTLTR) G810 10
: IF T (1, N+1) ,GE.TR,AND. T (1, Nr1) . LE. TLIGE T0 20
.60 TO 30
10 . CP=CPTIL .
o KT=KT1 .
6B T@ 50



—

3o

S0

CP=CPTI2 " .
KT=aKT? : . @
GO T0 S0 ' '
CP=CPTIL : - .
KT=KT L

Fl= (DEADXCPHVYNIX), . -

F2=QG1wANL#OLT/FV

FA=F1«0LX ) b
FUu=KT«AN« 1T L1, N+11-T [1, N) ) »0L
FS=FY/F3
TI2N+V =T [1,N+1) +F2-FS
Fl=TI12,H¥1) =T 11, H+1)
OTA{Nr1}=0TRIN+1Y ¢+F1
OTLH{N+1] =0TLH {N#1) +F1
0X=-0RT#OLT

RETURN

END

3,



——
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