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,pilot plant seale experiments (15-60 kg melt mass; 1870,.r 

2020 K: 3 - 16 pascals) have shawn that: 

(a) 40 ta' 90 %'of initial copper, 

(bl 30 to 75 % of initial tin, \ 
, (e) 60 to' 100 % of ini tial manganese 

and, 

(d) 20 to 40 % of ini tial sulphur 

can be eliminated in 30 minutes of vacuum distillation. These 

elimination rates indicate that refinlng of scrap s~eel'by 

vacuum distillation is a viable industrial process. 

The elimination rates obtained in this work are 
. , 

considerably better than those of previous"pilot plant scale 

~studies. The improvement is due ta th~ higher melt 

temperatures, cleaner mel t surfaces and lesser d,egr ee of 
. 

'condensate refluxing of this ~ork. 

A theoretical model has been developed' t·o descr ibe vacuum 

distillatton in terms of melt phase mass transport, evapo~ation 

.at the melt surface and gas phase mass transport. The model 

pred'iets that refining of steel will }:le rapid as long as 

\ pr.essure in the vacuum chamber i s less than the total vapour 
• 

pressure of the liguid surface. Similarly, it predicts 

negligibl.e rates of elimination at higher charnber pressures. 

1 
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Bot'h of these predictions are 
,..-J 

the experiments and qualitatively 

1 

1 

--------...;....-

confirme~ quantitatively by 
V 

by photogr'aphs of the vapour 
1 

, : flow in the vacuum chamber. They indicate that metal vapeur 

\<stre~~ rapidly from the melt surface when c~am~er pressure is 
6 ' 

lèSS than surface vapour pressure, and fhat, ~~ t flows slowly 

away at ·higher 'chamber pressures. 
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RESUME \ f 

Les expériences précedentes effectuées ~ grande échelle 

(15-60 kg ?e masse fondue; 1870-~020 k; 3-16 P~sca1s) ont 

démontré que: 
--

et 

(a) 40 ! 90 % pu cuivre initial, 

(b) 30 à 75 % de l'étain initial, 

(e) 60 à 100 % du manganèse initial, 

(4) 20 à 40n % du soufre initial 

peuvent §tre é,liminés en 30 minutes de distillation sous vide. 

Ces pourcentages d" élimination indiquent gue le raffinage de 
1 

la feraille par distillation sous vide est un procédé indus-
• 

triel efficace. 

Q 

Les pourcentages d'élimination ,obtenus Fans ce\travail,~ 

.,. - \' sont considérablement plus eleves que ceux obtenus dans les 

expériences précédentes. Cette amélioration est attribuée , 

à une température de fusion plus élevée, ~ une propreté plus 

grande de la purface du bain de fusion et un degré moindre d~ 

rèflux condensé pendant l'expérience . 

, 
Un modèle ~héorique a été deéveloppé pour décr.ire la 

distillation sous vide en terme de transport de masse en phase 

. . -- ------~~_ .... .....-_~~_ .... ~- ------------...,... -~ . 
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.. 
liquide, dFévaporation â la surface ,du bain de fusion et de' 

") 

transport de masse en phas~ ~azeuse. Le mod~le prédit que le 
~ . 

raffinag~ de l'acier sera d'autant plus rapide que l~ pression 

de la 'chambre sous vide sera inférieure ~ la pression de vapeur 
1 

totale de la surf,ace liquide du bain de fusion. 

D'une facon indentique, il prédit un pourcentage d'élimi-

nation négligeable pour une pression'plus élevée dans la 

chambre sous vide. 

Ces deux prédictions sont confirmées antitativemen~ par 

les expériences et qualitativement par de photographies de 

l'évaporation dans la chambre sous vide. 1s indiquent que 

l'évaporation du métal s'effectue rapidement de la surface u\ 

bain de fusion lorsque la. pression de la Ichambre sous v 

inférieure à la pression de vapeur de cette surface, t 

\ 
e est'. , \ 

\ 

s'effectue lentement pour une plus haute pre~sion e la chambre 

, J 
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SECTION 1.1-: GENERAL , 

'" • 

CHAPTER ONE 

INTROOUCTI~ Q' 

.. • p';-

The steel industry has developed a general goal of 
- ' 

reducing ehergy,. and resourc~~onsumption as a consequence of 
... ~ ---~ f~ 

rising costs of energy and di~inishin9 supplies of raw 

'materials. One means of ~ttaining this goal is by increasing. 

the utilization of scrap steel. 

A factor which limits the quantity of steel scrap which 

can be recycleà'is the residual element content of the scrap, 

specifically the levels of copper and tin. ' The development and 

implementation of a process wh~ch can remove this copper anq 

tin from the steel cycle would fulfil the demands of both 

producer and consumer by removing an important restrictiqn on 

the quantity of steel scrap which can,be recycled. , 

It will be shown that one suçh process i~ yacuum 

di,stillation of meltEtd steel scrap. ,. This process removes 
, . 

copper and tin from the liquid steel ~nd it rnay provide the key 

which -will unlock the barr i'er to Icomprehensi've scrap 

utilization: 

," 

,', 

; 

,fi' 

( 

\,' 
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SECTION 1.2 ~ THE THESIS 

The first part of this thesis examines the steelmaking 

cyc~e with particular emphasis on the recycling of _scrap steel. 

It reviews previous evaluatjôn~ of potential methods for 

iQcréasing scrap utilization and concludes that-vacuum 
) 

distillatfon is the MOSt promising possibility. 

\ 

Previous vacuum distillation studies are then summarized 

and a new theoretica,l model of vacuum distillation of liquid 

steel is'developed. 

Experimental measurements of copper, tin, manganese and 
" 

sulphur elimination rates during vacuum disti1lâtiQn are 

descr ibed and evaluated. A compar ison, between the predi<::ted 

theoretical elimination and the experimantally observed vacuum 

dist~llation rates is made. 

----

Photographs of metal __ v-apoûr-'-iiow in vacuwn; gas bubble 
~---- . 

eruption' ~nder vac~~~nd violent induction stirring turbulence 

"'-""-..... resent~~ give visual me'ani~g to the experiments and the 

manner in which the photographie observations relate to ~he 

theoratical model is discussed. 

Finally, future work is suggested and conclusions are ~ 

f9rmed'. 
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'CHAPTER TWO 

• BACKGROUND 
~.---------

SECTION 2.1. : THE STEEL CYCLE 

. 
Figu~e 2.1.1 shows the flow of iron units around the three 

major processes and operations w~ich make up the steel cycle.' 

Iron units énter the cycle as pig iron"whilst they are "bl~d out 

in the form 'of steel which is never recycle~1 for ~xample, 

steel that ,has, been used in bridges, dams etc. Tl)ere exists a , 

relat~vely fast f10w of Iron units between the stéelworks and 

fabricators in the form of 1tied' and 'h~me' scrap. Also, 

th~re exists ,a longer. term flow pf iron units around the who1e 

production/consumption-cycl~ "in the form of 'obsolete' scrap. 

1 
figure 2.1.2 shows typical iron unit flows for 1978 in the 

u.s-.!A. (1)., It can be seén that 70 million tonnes Q~"pig iron, 
" , 

30 million tonnes of scrap from the scrap stockpile and 50 

million tonnes of home and tied scrap went into steelmaking 

processes such as open h~arth, BOF and-electric furnace 

steelmaking. These operations produced ~à million tonnes of 
• 1 

"home scrap wh/ich was immedi,a-tely recycled and 110 million 

tonnes of raw steel which continueo-on ta tab~ic~tion • 

• 
o , 

, .. ~-

'; 

, , 

I} 

.. , 
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, . . 
Figure 2.1.1. The steel cycle showin9 the flow of iron units 
the stee1making, product fabric?tion and consumption" operations 
makin9 up the cycle (1). 
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J 

Fi~ur. 2.1.2. The iron unit faow'cycle showing metric tonnages 
of iron units flowing between operations and the scrap l 
stockpile~ The values are for the United States of America for 
1978 (1). " \ l 

r ----------

... 



) 

(~ .. 

- 6 -

Fabrication methods such as rQlling, pressing and punching 

inaâvertent1y produced 10 million tonnes of tied scrap which 

,was also directly ~ecyc1ed. The remaining Ibo million tonnes 
\ . 

of fini shed pr~duct '~nt ta consumers. About 30 million tonnes 

of this consumpt'ion we~..-r;;tlo in applications su ch as br idges, 
--.j 

dams, roa~s 'and conse~uently, it i5 not likely to be recycled 

in the foreseea~le ~ture. The balance of the finish~d product 

(70 million tonnes) will find its way onto the scrap stockpile . 

in a re1atively smaI1 number of years,' for example, 10 years 

for automobiles and 19 years for r~ilroad stock (2). In 1978, 

the scrap stockpile contained an estiminated 70D million tonnes-

(1) 0t iron and from thi~ stockpile 30 million tonnes of 

pelected steel scrap, low in copper and tin, were'recycled in 

that year. 

t-
In 1978, 70 mi Ilion tonnes of pig iron input wer}e balanced 

by 30 million tonnes not recycled and 40 million (Itonnes 

accumUlated on the src~p s~ockpile. It can te seen that for a 

steady consumPt.ion of steel any increase in scrap utilization 

will directly reduce the pig iron input. Scrap utilization 

could be incr~~sed to~70 million tonnes a year while 

maintaining a steady level of scrap stockpile. The result 

would be an equiyalent. reduction in pig i'rori consumption. :l'his 
o 

would contribute significantly toward~ lowering energy and raw 

material consumption, and thereby, achieve the ge~eral goal of 

the steel industry: This iS'shown in table 2.1.1. " 

.. .... " ---~-~- -- ... --..._~-- ..... -- ~ ~~ t- ,_ • , .. r - ) 
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.' Blast furnace, Electric furnace 
B.O.F. . '. 

1 

, « 

Raw materials 1.5'tonnes ore 1.2 tonnes sCfap 
con~umed, 0.5 tonnes carbon 
Itonne Fe 2lxl0 3 m3 blast 

Energy 6.4 mJoules 1.3 mJoules 
, , 

requireo. , . 
" jtonne Fe . 

'" . 
~ 

4~lO8 Energy savings, 1 rnJoules 
-- - ---

Iyear (mainly in the forrn of carbon) 

) 

, ' 
Table 2.1.1. Raw rnaterial ?nd Energy requirernents for (i) 
blast furnace - BOF (30% sérap oharge) steel making, and (ii), 
electric furnace (100% scrap charge) steelmaking (3). 
Estimated yearly energy saving for 'the U.S.A. is aiso shown • ., 

_ > ____ .... ~~~;_10_ ........... ~ _____ '_.."'....__ .--. . 

, . 

, 
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SECTION 2.2. COPPER AND TIN IN STEEL AND SCRAP ;1,. 

J 
Copper and ti.r. enter the steel cycle in fabr ication 

processes which prepare steel for use by consumèrs. Both 

e1ements rnay~be in the ferm of massive ~eta1~ic additions 

(exarnple copper wire and tin solder), in the form of coatings ,. 

(tin plate), or dissolved in the steel (in high copper 

corrosion resistant a11oys)~ Table 2.2.1 shows copper and tin 

concentrÇl,tions in various types of steel scrap.".f~ 
o 

IJ 

ELEMENT No.1 Heavy Me1ting No.2 Bund1e 

Scrap " Scrap . 

Cu 0.06 - 0.36 0.34 - 0.74 , 

Ni 0.02 - 0.13 0.08 - 0.15 
~ 

Cr 0.0 - 0._05 
c 

0.02 - 0.06 . , 

Mo 0.01 - 0.05 NA 

Sn 0.006 - -0_019 0.0 .. - 0.14 
\ 

-S 0.021 - 0'.054 0.045 - 0.064 

-Fe ~ 
99% + 73 - 84 . 

,# 

t1--

" .' 
Figure 2.2.1. ~esidua1 e1ement concentration range in two 
grades of-steel scrap (4). No.l heavy melting ~crap is usual1y 
hçrne scrap and No.2 bundle scrap is' ge~era1ly purchased 
~bsolete scrap. The latter has a_cost of about 1/3 to 1/2 that 
~f No.l heavy melting scrap. 

.. 
---------- - .-~-----._._----__ __4!; 
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. Once copper and'tin enter the steel ~ycle, they are not 

eliminated during oxidation steelmaking becaus~ of the;r ,high 

oxidation potential with respect to irone Consequently, they 

contaminate newly produced steel. This steel is then further 

contaminated during the fabrication process before being put 

into service ~y consumers. At the end of its useful life, most 

of this steel finds its wày ta the sçrap stackpile and, as a 

result of the snow-balling effect of recycling, this material 

as scrap, the copper a~d tin levels in steel will rise over the 

years,unless corrective act10n is taken. 

To date, the action has been ta not recycle poor quality 

(high Cu, Sn) steel scrap in the United States and Canada. 
" 

This corrective action has not been used ta such a great extent 

in the united Kingdom due ta a less extravagant economy, and, 

the resultant rise in copper and tin levels in steel products 

can be seen over the years 1970 to 1974 which are shawn in 

Figure 2.2.1. This figure is testimony ta the North American 

producers containing the situation ta date, but as pressure 

deve10ps in the U.S.A. and Canada to increase scrap 

utilization, the same increase in residual copper and tin 

contents will be seen unless new technology is deve10ped which 
- , 

will'eliminate copper and tin from the steel cycle. _ 

Another significant point demonstrated by Figure 2.2.1 is, 

the diff~rence in residua1 copper content in steel according ta 
\ 

the type of furnace in~which it was produced. Electric 

steelmaking furnaces typically use 100% steel scrap charge, and' . 

. ' 

.. ! - . 
\' ,'" - : •• -,,~ '!"'- .'. , 

-~ - _._~----
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( , 

consequent1y, the copper concentrations of the ste'el tbey 
f 

produce is appreciabl~ higher cban that produced by the open 

hearth or basic oxygen $teelmaking furnaces. 
1 

, 
Copper and tin in steel are of great concerne Theï 

presence in steel can cause serious problems of edg and 
1 

,surface cracking due to copper penetrating the ain boundaries' 

\ . 

dti~ing hot ro11ing of ingot cast steel (8-1 This prob1em is 

so severe that it has been given the n 'copper hot 

shortness f • 

In summary, copper and tin are an intrinsic component of 

today's ferrous scrap, and as a result, methods of eliminating 

them from the steel cycle n ed to be deve1oped~ 

c' 
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Figure 2.2.1. Residua1'~opper in steel over the last 30 years, 
(5-7). In U.S.A. stee1s, the residual copper content ~emained 
rou9h1y constant in the period 1950 t9 1962, whèr€as, ln the . 
period 1970 to 1974 the residual copper in British ste~l ro~& . 
dramatica11y. A low level of low grAde scrap utilization is 
responsib1e for the U.S.A. experience, and converse1y, a high 
leve! of low grade scrap uti1ization was responsible for the 
experience of the British. In each case, the levels of sc~ap 
uti1ization are a reflection of economic pressures at play in 
that country." 
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PROCESSES FOR REMOVING COPPER AND TIN FRoM THE 

STEEL CYCLE 

Massive metallic copper and tiQ alloys are currently 

removed from ~teel scrap by shredding and~~a9netic separation 

(20). This me~hod' does not eliminate copper'and tin which is 

physically combined with the scrap, either ,as coatings, or as 

contaminates dissol~ed in the scrap steel. A~pilot pl~nt study 

of heating steel scrap to a temperature between the melti~g 

point,of ~opper and iron (21)' ie., preferential melting 
/, 

overcame the problem of bonded copper and tin. This process 

used a ~used salt bath to heat the scrap and has not been 

further investigated because (i) the separation w~s poor and 
. 

(ii) it does not overcqme the problem of dissolved residuals. • 

Any ot~er physical method of scrap processing, such as heavy 

media" separation of shredded scrap automobiles, has the sarne 

drawback of not removing impurities dissolved in the steel. 

Copper can be elimina~ed from liquid steel by treatment 

with sodium su~ph~te (22,23). Copper in the liquid metal . 
combines with sulphur ta form the"sulphid~, ana then, enters 
+ 

the Sl~g while carbon'monoxide and sodium vapour are evolved 

from the melt. Unfortunately, the steel picks up sulphur, the 

rate of reactio,n is low and the process does no~ remove tin. 
o 

Due to t~ese deficiencies, research on the process was , 

abandoned'after extensive investigations in the 1960's. 

f 

i 

\' 
\ 

• 
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/ 
An alternative process for removing copper and tin f.rom 

liquid steel i5 vacuum distillation. In this operation, impure 

l~qU'id steel is expdsed~ to vacuum which enhances the .. 
'\! 

evaporation of "'volatile solutes' such as copper, t-in and 

manganese. The industrial techn~log~ for producing the 
, "' 

required vacuum levels exists. The costs of prod~cing the 

vacuum level~ required for vacuum disti,lllation refining are 

expected to be about the same as those for vacuum degassing. 

In surnmary, this sur vey of the art ~eveals that vacuum 

distillation ~ef~ning of liquid steel appears to be the only 

method which has potential industrial application, for 

eliminating copper and tin from the steel cycle. As the 

previous section indicated that electric furnace steelmaking 
f 

utilizes the largest amoun~ of low grade scrap, it 15 concluded 

that vacuum distillation will finà most acceptance with these 

pr,oducer s. 

'0 
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CHAPTER TH~E 

VAÇUUM DISTIL~ATION 
----~------~-------

• 0 

- . 
SECTION 3 '.1 ': INTRODUCTION . " 

Vacuum' distillation of liquid st~el is a proce.s~ in which 

a bath or stream of liqU\d steel is exposed to vacuum in the 
, • 0 

range 1 to L? pascals. Distillation i9 most rapid (i) at high 

melt, superheats, (11) when the surface of the llquid steel is 

,clean iree ftom slags or films and (i ii)b when the vapeur which 

evolves f.rom the mel t' flows_ wi thout resistanc~ to 

sites remote from the ,liquid me,tal. 

o . \ 

SECTION 3:2 : PREVIOUS STUDIES 
\ 

, ,\ 

, 
,p • 

coodensat1on 

Previous' studies (24-3!) on vacuu~ di~~illation of-liquid 
. /' . 

steei"hi\!~' wil:h one, exception, b~en c.ë~ducted., o.n sy~tems in 

which mol ten' steel was contained in crucj..bles. The one 

exception ,was a levitation study of eli~-~tion ot copper from 

. ~ 

'1 very, 9mall drops (28). 

1 o \ 

o [' , 
1 

.... i~ 
, f 

l,· 
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/' 
Table 3.2.1 summarize~ previous work on vacuum 

distillation of liquid. steel' to remove copper ~nd tin. The 

bench scale studies (21,22,24-27,29) consistently attained 

sufficiently high- ~limination iatès for the piocess to be'a 

viable industrial op~ratlon. Ho~ever, theopilot plant séale 
\ 

~ 

. , 
feasibility studies (23,28,30) sho~ed that vacuum distillation 

" \ 
would not' be a vi able pIaces",: becau~e • 90 ta 150 minute s wer e ~ 

. Quired to eliminate ~O% of ~ the copper and tin from the liqu1d , 

steel. 0 For this reason, the present study was ini tiated wi th 

the goa~ to discover the'causes for these low rates and to 
", 

-

investigate means of achieving appreciably higher rates • 

. " ' 
The fOllowing sections of thls chapter comment on previous 

_ models which were developed for vacuum distillation of liquid 
, . . 

steel. Expressions for maximum rates and fo~ rates of vacuum 

distillation into imperfect,vacuums follow. The last sections 

present a model fgr vacuum distillation and a numer ical method .. "" 
for its simulation. 

" 
.11-. ' 

" 
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• 0 

. • Chamber Melt Area Copper concentration proee .. , . 
Invest1qator 1 

Volume /lass volume Initial Final. Tima Elimina,tian 

Year nr ){q---- ~cm-1 , , min 
Gill (24) 1959 10-3 0.1 0.5 0.32 0.01 90 99' 

Olette (25) T961 "l-o::l. 0.5 0.1 0.12 0.001 40 100 

Ward (26) 1963 1.5 12 0.08 1.0 0.1 
. 

1 120 90 

Fischer (27) 1964 10-3 0'.03 0.5 0.17 < 0.001 <60 100 . 
Ward (28) 1966 10.5 0.001 5 0.55 0.1 ' 0.2 80 
Ohno (29l' 1968 10-3 0.15 0.6 1.0 0.1 15 90 

< 

Fischer'( 30) 1974 tlA 5 0.11 1.9 0.1 50 95 

Salomon (31) 
, 

De-Fx;iedberq 1976 3 26 0.08 0.5 0.1 150 80 • 

Ohno (32) 10.3 \, ;! 1977 0.1.5 0.6 2.1 0.3 , 15 8S' 
, H~rris (33) 1979 l 22 0.1 2.0 0.1 180 95 

Table 3.2.l.A. Summ~ry of previous vacuum distillation studies 
showing COP~ER elimination. ~ 

Chamb4Ïr Me-1t Area Tin cohcentration ProceS9 / \ 
Volwne M!,SS Volume Initial Final Time Elimination 

Investiqator Year m3 . kq <;,m-1 , , 
~jn 

G1l1 1241 1959 10.3 0.1 0.5 0.04 0.005 90 gO 

Olette (25) 1961 10-3 0.5 0.1 0.12 . 0.001. 40 100 

Fischer (27) 1964 10.3 . O. 03 0.5 0.88 0.15 60 85 

Ohno (29,) . , , 1968 \ 10.3 0.15 0.6 0.95 0.30 15 70 

Table 3.2. L.B. summary of- previolls vacuum distilla·tion studies 
showing TIN elimination. 

-

" t.., 

/' ... , 
>' J ~ 
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SECTION 3.3. : VACUUM DIS'TILLATION OF LIQUID STEEL - THEORY 
" 

1 

Ward described" the transfer of ~olute'atoms from the bulk 
(1)-

of liquid steel to a remote condensation site in ter ms of a,six 
1 

step process (26): 

(a) transport of a solute atom through the melt to the 
. 

neighbourhood of the free meêal surface, 

(b) transport of the atom across a non-turbulent boundary , 

i1ayer to the free metal surface, 

(c) evaporatipn of.the atom, 

(d) 
ï \ 

tran~rt of th'ft,,~~om across ;; stagnant boundary layer 

, , 

on the gas sid~ of the free metal surface" 

(e) transport of the atom through the gas phase to a 

condensation site, 

and 

(f) condensation of th~ atome 

) " Later work (34)ushowed that not aIl of ~ard's steps are 

required to develop a vacuum distilla~ion model. Three st~ps 

fully describe'the mechanism of vacuum distillation: 

and 

(a) transport 'of a solute atom across a non-turbulent 

b~undary layer in the liquid to the f~ee metal surface, 

(b) evaporation of the atom, 

(c) tr.anspor,t of the atom in the gas phase away from the 
/ ' 

/ ,free metal surface. 1 

, '-
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SECTtON '3.4. MASS TRANSFER TO THE LIOU~D STEEL SURFACE 
'I, 

. 
Machlin (35) modelled mass transfer of solute efements 

from the bulk ~elt ta the liquid steel s4rface during vacuum 

distillation by applying surface renewal theory. Davenport, 
1 

Wakelin and Bradshaw (36) developed a similar model which also 
:- • ... !r 

,predictèd the change in bulk solute concentration with respect 

ta time. The resul ting expression for the flux of solute, a toms 
t 

tq the su'r face- is: 

= 

\l?here: 
. , , 
ni = 

n." , = 
~ 

'b,s = 

(n'" _ n~''i) '[_~~_r_,v_]1/2 
l,b ~,s " • • •• 3.1 

molar flux' of solute atoms of s~ecies i ta, the 
surface, kgmolejm2.s 

, ' 
concentration of sOlut,e element,' kgmo,lësjm3. 

bulk and surface_respectively 

D· = solute d'iffus ion coefficient,. m2/s _ v '-", • .J .. 
"'.~ 1 

l, i ~ t..v- : 

, v = melt surface velocity, mis 

r = melt rad~us 1 m. 

, 
Use of this ex~ression as part of an overall model for 

predicting solute elimipation requires that D, v and r be 

known. The melt radius is known or can be quickly measured and , . 
" 

the diffusion coefficient, D, lS known quite accurately for 

most mët~llurgical systems (~ 1 x l~**-8 m2/s for metallic 1 
solutes in liquid steel (35). 

1 
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The velocity of the melt surface, v,- is less weIl known 

and'not easily measured. It h~s two éontributing components, 

natural' convection and induction stirrin9~ 

Natural convection is caused by coolin9 at the crucible 
, -

walls and by, radiation from the melt surface. Any aqditional 

CO'ltr ibution to convection caused by C001-! due to •• aporation 

at the surface is thought to be insignific nt. 

~ ~ 

In'duction stirring gives rise to a r'adial melt surface 
c 

velocity. Irons (37) measured this velocity by graphite tracer 
-"""\ ... 

techniques and found it to be about 0.2 mis for an induction 

melting furnace identical to the unit uséd in the present 

study. Inductlon stirring inqreasès as furnace power input 

increa.ses. Szekely (38-), for 'example, reP9r teQ a two fold 

inerease in ~vèrage~ sut_face veloei ty wi th a fÇ>~r f:old 

inerease in furnace power inpu~ on a 12 tonne inductively 
, ;. 

stirred melt. 

A further cJmponent. ~f the melt surface velocity may be -/ ' Il 
" 

due to evaporation of surface active solutes which incre~ses 

me:t surf~~lence, and in turn, alters the magpitude of 

the surface velocity (39). This effect is also thought to be 
" ' 
, . 
qUlte smal1. 

----,---

I~ 
) 

1 
-' 

• 
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SECTION 3.5. EVAPORATION 
, 1 

Evaporatiqn is the transition of atoms from the liquid 

state to the ,gaseous state: It is the respons.e of the system 

attempting to at:tain an equilibrium d,istr ibution of atoms 

between' those in the l;iquid surface and those in the vapeur 

phase above it.) The transition from the liquid to the gaseous 

state is extremely rapid., Consequently, the concentration of 

'. 

atoms in a ve~y thin layer of space immediately above the / 

liquid surface is a1ways very nearly in equilibrium with the i -

liquid surface.' 
\ 

The gaseous atoms in this thin layer ,have trans1ational 

.elocities and if they'are not restricted in any way to thts 
~ , 

region ie., if there exists a perfect vacuum above the surface, 

they will flow out of the surface at a rate Pfedicted by the 
/ 

Hertz-Knudsen-Langmuir expression ·(40-44) : 

q~' , 
1. 

where: 

(q./V) 
1. 

k 

= 
( 

'. [~_2_::J 1/2 

l2.~.mJ .. 

= atorn flux of evaporating species away from the 
liquid surface, atornjrn2.s 

3.~ 

= atorn concentr~on of evaporatèd species i at th: 
surface, atom/rn3 

= boltzman's co?stan~, 1.3805 x 10**-23 )fulesjatom.K 

= ternperatute of the vapour, K 
= atom mass, kgjatom 
~ 

, 

l' 
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This~equation specifies tpe flux of atoms across a unit 
) 

plane in space when (i) thete is a gas of" a particuiar atomic 

density on one side of the plane and (ii) 'a perfect vacuum on 

the other side of the plane. 

In ,the case ,of evaporation from a l~quid metal surface, 
, "" the.densityof the gas in the layer of space immediately 

adjacent to the liquid metal (below the 'Langmuir plane') i5 
-

very nearly in equi1ibrium with the liquid metal. The 

concentration of this gas can be obtained from measured values 

of the equilibrium vapour pressure for the system by use of the 

ideal gas law (45): 

1 
~ 

Pi S ___ L __ _ .... 

where: 

== 
k • T' 

~ equili~rium atomic concentration of gaseous 
species i,at the surface, atom/m3 

= equi1ibrium vapeur pressure of species i in thé 
surface, pascals 

k = 
T 

Bo1tzman's constant, 
j ou1esJatom. K 

temperatufe, K 

1.3805 x 10**-2) 

Combining Equation 3.2 and 3.3, the atom flux from a 

liquid meta1 surface into a perfect vacuum is given by the 

e'xpression: 

-1 -

3.3 

. 

\ I",,)'~" ':;:"'~', "_._ ... ____ _ ----------_ .. ~. , --.......,..,_. -_. --,_' _'_hJ_~ .,< 
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= p'~ '. ---_.:-:----

[ 

. . ] 1/2 

i,s . 2.7r.rn
i

,k.T 
.... 3.4 

(where the terrns' have the meanings defined in the abQve two 
equations) • 

'This equation can be rewritten (making its application 
/ 

simpler) in terms of (i) a molar flux of evaporating atoms, 

(ii) the equilibrium vapour pressure of the pure species and 

(iii), the molar concentr~tion of the species in the liquid 

surface, ie.: 

, 

~ \ [ l f2 o. ~!.::!:~!? 3.5' ni' .... 

where: 

n ' 1 1 
i \ 

.y. 
~ 

'P ,4> 
J.' 

Pb 

M. 
:1. 

R 
T 

'" 

= 

Il 

= 

= 

= ;::~;~~;:; Pb 

. 
molar flux of species i evaporating, kgmole/m2.s 

mo~ar concentration of species i in the surface, 
kgmole/m3 

Raoultian activi ty A. coeff,icient of species i in the 
liquid surface, -::l y: ,the Raoultian activity 
coefficient at·inflnite di~ution of species i 

equilibrium vapour pressure of pure species i, 
pascals 

, 

•• 

= m~lar mass of bulk materi~l in the surface = molar ~ 

;: 

:: 

= .. 

mass of iron, ~ 55.9 kg/kgmole 

density of bulk material in the surface ~ density 
of liquid iron~ ~ 7.8.x 10**3 kg/m3 

molar mass of evaporating species i, kg/kgmole 

gas constant, 8.314'x 10**3 joules/kgmole.K 
temperature, K 

-~--"" ..... -,....",::~- , 
, ,\ >, 

hm • • 

\ 

... 
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This is the forro of the Hertz-Knudsen-Langmuir exptession 

as i t is usua11y presented (25,.26,29,31-33) _ lt pr edict~ the 

molar flux of atoms of species i evaporating from ~ 1iquid 
• 

surface; at certain ~emperature and particu1ar mo1ar 

concentration of species i in the surface • 

, 
SECTION 3. 6·. COMBINED LIQUID PHASE TRANSPORT, AND EVAPORM'+ON 

Equations 3.1 and 3.5 can be combined to give an 
c 

expression for the rate of vacuum distillation when there is 

A resistance to transport from me1t diffusion and evaporation. 

, This overa11 expressio~ has the forro: 

where: 

ft' '. i = Ki . n'" 1,b 

" 

= total molar flux, kg mo1es/m2.s 

= overall rate constant, mis 

. .... 

= molar concentration of species i in the bu1k 
li~uid phase, kg mo1es~m3 

/ 

- -.-'-- ....... _-~~ .. 

3.6 

1· 

~""""·"'t • ~« 
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The ove~all rate constant as defined by Equation 3.6 can 
• 1 

be obtained by combining the rate constants for each step, 

Equations 3.1 and 3.5 i~., 

[-;1-
' -1 

K. == + ;~~;;: ] . 
. -... 3.'7 

l. 
1!' l. ,. 

K· ,1. = overa1l rate co~stant for vacuum distillation, mis • 

KI 
", 

== ,melt phase rate' constant = (8Dv/,rrr')! , mis (Eqn. 
3.1) .-

K2 i' =' evaporation rate constant = (1/21TMi RT)! , mis 
(Eqn. 3.5) 

'{l, 
l. 

= constant =, , kg.m2/kgmole.s2 

Equation 3.7 can be used to predict the maximum 

theoretical rate of s01~te eliminqtion by vacuum distillation. 

The maximum r'te can be" a~tainèd on1y when there is no return 

of atoms te the liquid steel, ie., when th~ gas space behaves 

as a perfect vacuum., In'practice; vacuum dist~l~ation pressure 

levels are never qui te this; low', and as a resu1t" there ds 

always 'sorne small resistance to atem transport in the gas 
• 

phase. T~is is described in the next section. 

i 
.. 

. , 



( 

( 

~ 
l 
~ (i i 

1 
.. 

0' 

-- ---_._- ~----_. --~-

- 25 -

SECTION 3.7. EVAPORATION INTO AN IMPERFECT VACUUM 
/ 

/ 

, , 
The \flow of a gas in a system may be characterlzed by the 

frequency of interactions between the gas atoms or' molecules. 

When there is an extremely low probability of atom/atom 

collisions, the flow i5 said to be 'molecular' and under such " .. 
citcumstances the atoms move in straight paths until they'meet 

.;,w 

sorne bounding surface (46). Under these conditions, the 

maximum rate of distillation should be observed as there is 

very little chance of atom/atom collisions bduncing, atoms back 

into the 1iquid. 

When there are many atom/atom collisi'ons in the gas,the 

flow is cal1ed 'viscous' and the gas ·demonstrates 

characteristics of gases at'normal pressures (46). Under these 

conditions, atom/atom collisions in the vlcinity of the 1iquid 

can cause atoms ta be bounced back into the liquid or they can 
~ 

cause them ta coalesce (if they have cooled sufficiently) into 

\iny droplets whièh,may fall back into the liquida The return' 

of atoms or very small droplets to the liquiù can be envisaged 

as a gas of a certain pressure over the liquid, ie., a back 
... 

pressure of the evaporating species. 

The flux of atoms back into the liquid can be obtained by • 
applying the Hertz-Knudsen-Langmuir- expression. The plane 

in space is lmmediately above the liquid surface and the source 

Ot atoms is now the gas phase side of the plane. The flux of 

atoms fue to the back pressure ls then: 
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where all terms have the meanings previously defi~ed. 

•••• 3.8 

Consequently the net flux of atoms acrO$S this pia~e in 

terms of moles ls the difference of Equations 3.5 and 3.8,' ie., 

\ 
t 

where: 

• 1 1 

nt. 

p~ 
l. 

p~p 
l. 

K2. 
l 

, ' 

= 

= 

= 

= 

, 

= (P~ 
l.,S -

.... 

ne( molar flux a"way from -the liquid surfâ"ce, 
moles/m2.s 

, 

3.9 

equilibriu~ vapour pressure cif species i in th~ 
surface, pascals ~I 

back pressure of species i at the gas side of the 
liquid surface, pascals 
. 
evaporation rate constant, mis 

Equation 3.9 ls the form of the equation previously 

presented (29,31-33) and it can be applied ta all evaPO.r:ating 

speci~s in the liquid metal surface. 

In real terms, Equation 3.9 predicts a flux of vapaur 

across the Langmuir plane away from the liquid surface whenever 

the back pressure i5 less than the equilibrium vapeur pressure 

of the surface. The back press~re of a particular species is 

the result of the inability of the evaporated atoms of that 

o 1 



. (, 

( 

- 27 -

, . 
species to move away from the liquid metal s'urface, ie., gas 

phase mass transport iesistance. 
'-

. ~ The next section exami'nes the concentration profiles of 

the atoms present in the gas space above the'melt surface. It 

also develops a quantitative model for predicting the flux of 

,the evaporating species away from th.e mel t surface. . 

" SECTION 3.8. GAS PHASE MASS TRANSPORT· . 

Mass transport across the gas space durin9 va~uum 

dis'tillation involves convective flt~ and diffusion of the 

various species present in the vacuum chamber. 
1 

Figure 3.8.1 
~ 

schematically depicts the 'concentration profiles of the 

metallic vapours evolving from the mel t as weIL as tha.t;... for 

argon whic~ is assum~d to be the only non-condensib~e species 

pres~nt in the chamber. 

1 
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Figure 3.8.1. achematic diagram of vapour pressures in the 
~r~gion between t~ liquid metal surface and th~ condensation 
s~te.:rressure profiles for both the evaporating vapeur ard 
argon are drawn. They demonstrate the very low v'alue for the 
argon pressure at the liquid surface. At chamber pressures 
iess than the total eqtiilibr ium partial p,ress.ure, there i6 a 
bulk flow of epaporating vapour away from the liquid surface 
towards the condensation site. Q 

r 
To obtain an 'exp.ression for the fluxes of the var ious 

vapour specie~ across the gas space, it ls necessary to make 

fi~e assumptions and to establish the'boundary conditions for 

the system. 
\ , , 
The asumpt~ons are: (i) the·cross-sect~ona~ area 

of the gas space fs constan't' and equal' to the surface area of 
\ 

the liquid m~t,al, (ii) the temperature throughout the gas 'space , - , '" 
is\uniform ~nd equal to the melt temperat~re, (ii1) aIl 

, , 

'evaporated atoms which reach the condensation location condense 
, ,. 

immediatély, d.v) the total pressure is roughly constant 

::. 

, 

'<i> 

f ' 
! '1 
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everywhere above the tangmuir plane (Section 3.7) and" (v) there 

is no cons~mption or generation of vapeur speciès in the gas 

space. 

Q 

·The first assumption is made to place a simplifying 

constraint~on the geometry of the system. The second 

assumption enables cooling of the ~apo~r to be neglected until 

it reaches the condensation location, at which point, the 

evaporated vapours cool and condense, from assumption (iii). 

The four th Çossumption' is valid because, in, systems having large 
~ 

dimensions (for example 2 m as in the present case), and 

opera~ing at pressures in the range of the present experiments 

(ie., 3 to 100,000 pascals) there is no ~ssibility of pressure 

gradients within the chambe!. The 'final assumption implies 

that aIl evaporation takes place at the liquid surface, and 

that, aIl condensation tàkes place at the condensa:ion,sit~.~ 

The bounda.ry conditions for' argon are (i) at x = s, (the 
.. 

condensation location) the pressure of argon is equal to the 

total chamber pressure (from the third and fourth assumptions) 
1 1 • 

at all time, and ii), "at x = 0, the flux ofirgon is zero at 

all time because the argon i5 insoluble in liquid steel. 

fIJ 

Fick's first law (47) can bé used to express the-value of 
\ ./1 

various fluxes in terms of diffu~iOn and convection of tha 

atoms present at a given posi~ion and time\: For the case of 

argon, Fick' s first law, is: 

, . 
. . . 
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where: 

n' , 
Ar, x, t 

D 

oPAr,x,t/ ôx 

V 

R 

T 

t 

:= 

= 

( 

= 
= 

= 
= 

= 
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-D êPAr x t v -___ .1._._ + 
R.T qX R.T 

flux of argon ïn the gas 
1 

P Ar,x,t 

spac~1 kgmole/m2 • s 

3.10 

diffusion co~fficient of argon in metal vapour, 
m2/s 

pressure gradient of argon;, pascals/m ' 
l 0 

velocity of bulk flaw, mis 
, 

gas constant, 8.314 x 10**3 joules/kgmole.K 
~ 

temperature, K 

elapsed vacuum exposure time, seconds 

Equation 3.10 may be substituted into the equation of 

continuity (48a) to give the rel;tionship between the flux of 

,argon at a ,Particu1ar point and the accu~ulation of argon at\ 

. th~t same point, ie.: 

v 
+ ,-'.--'. 

·1 

-----------~--------------------~--- = 3.11 
,; ax R.T 
" , 

where t~e 'l'eft ha~d side is the 'change of the flux in the x 
direction at a particular x and t, and~ the right hand sid~ 'is 
the rate ~f change in the concentration with respec~ to time at 
the sarne' x and t. 

The consumption/gener~tion term which appears ~ the 

complete forrn of the equat.ion of 'continui ty (48a) bas been '" . " 
' .. 
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, <:; dropped from the expression on the basi~ of assumpti9n v. 

) 

Under vacuum.9isti11ation conditions, the rate of change 

of argon pressure at any particblar 1ocat~on is very sma11 with -respect to time,and its term'can a1so be dropped from the 

expression. As a ~esult, the equation can be 'rewritten as: 

, 

D 
'~PAr x t ____ J._J..- = v • 3.12 

3x 

t 
where a11 terms have the meanings defined ln Equation 3.10. 

In Equation 3.12, the velocity of the bulk flow is the 

onl~ term which has yet to be defined precisely. Intuitively 

it can be seen, that when chamber pressure i5 less than sum of~ 

the equilibr i um vapour pr,essures of the species present in t,;be . ' . 
1iquid surface (the general mode of vacuum distillation 

~ ~ # 

. ~ 

operation), there will be a flux of.each species across the 

Langmuir plane, Equation 3.9. The evaporating species move 
• 

away fl:om the liquid surface by convection and diffusion: It 

is this convection of evaporating vapours away from the.liquid 

surface which is resporisible for the bulk flow. An eqüation 

for, the velocity 
A 

of the bu1k flow is presentef" shortly •. 

The pres&ure profile for argon across the gas space 

{Figure 3.8.1) can b'e deveîoped precisely as a function of x 

and the bulk ve10city by solving Equation 3.12 Wit~ 

su.bs tH ût ion Of_ "the fi r st boundary cond i tion for at 90(' : 

\ \ 

. ' 

-. 

/ 
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PAr,;x,t = .... 3.13 

The value of s is,about one meter in the experimenta1 

appa'ratus used in this investigation anp the value of the argon 

diffusion coeft~cient at 10 pascals ls about 0.6 m2/s (48b) ~ 
, 

Osing these values, Equation 3.13 shows that the pressure of 
, 

'argon is negliglb1e across he ~as space for aIl values of ~, 
1 , 

almost up' to the value of s, w enever the bulk gas velocity is 

greater than zero, ie., vacuum di til1ation conditions. 

At first glance, Equation 3.13 ~u ests that argon 
( 

pressur~ at any point in the chamber is i dependent of time. 

This 15, not \correct. The velocity of ~ll.e bu k, flow chang'es 

with time because the concentratiop of volatil impurities in 

ëhe me1t decreases during refining. This depende ce is 

demonstrated in tne next few paragraphs. 
" 

Equation 3:13 indiçates that at any particu1ar time, the, ' 

pressure of argon is negligible for almost aIl x Iess than s 

under the normal conditions of vacuum distillation. This means , 

that, tqe pressure of evaporcated species which make up t~e 

balance of the chamber pressure must be roughly equal te 

chamber pressure across the gas space. Consequently, pressure 

of the ,evaporated s.pecies must be r~ughly constant across the 

gas space. Therefore, the Qulk velOcity of evaporating vapour .. 
can be obtained quite precisely by considering the net flUx of 

. -,-, --.~_ ...... , -------- ~--------_ ..... _, " 

.' 
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(1 vapour across the Langmuir plane, and the total press~re of, th'e 

vapours (from the conservation of mass equation at constant 

) 

,pressure (49») ie.: 

where: 

v = 
... , , ,tn

i = 

p = ch 
,R = 
T = 

v = 
",.:t. , , R '" .. Hi • • .. _ .. -.. -----

bulk ve~ocity, mis 

... ' . 

SUffi of the flux of aIl evapqrating speciest 
kgmole/m2'. s 

chamber pressure; pascals 

gas constant(' 8.314 li 10**3 joules/kgmole.K 
temperature,' K 

. :" 

3.14 

Equation 3.14 shows that' che bulk velocity of vapour aw~y 

from the 'liquid steel surface is a functioh o~ the tot~l net 

flux cros~ipg the Lang~uir plane. 

~he value o~ the bulk velocity Is a maximum at 

cQmm~ncement of refining, at which time, there Is the largest 

It has a minimum 
"' 

flux of vapour ,away from the liquidGsurface. 

value equal to zero, when the chamber pressure exceeds the 
, , 

total equiliblZ i.um vapour pressûre of the liquid surhce (no 

bulk flow), or it has a mi'nlmum value given by the tlu~ of Iron ~ 

vapour when chamber pressure is less t~an the equillbrium 

.vapour pressure 'of iron (all other volatile solutes having been 

eliminated from'the melt). 

. . 
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Now, the expression for the bulk velocity can be 
. 

substituted into Fick's first law to express the flux 'of a 
" 

paEticular species of metal vapour (47) 

1 

f 
-0 

"1 le. : 

aPi x t v 
ft" ' = 

___ .L_.I._ 
+ -~- • P • • •• 3.15 

i,x,t 
R.T âx R T i ,x,t 

~ 

wbere' all terms have the meanings previously defirl'ed. 

The ditfusive term in Equation 3.15 can be dropped because 

-pressure of evaporating species i$ roughly co~stant across the 

gas space. 

~ Therefo're, flux of metal vapour across gas space can 

be wri tten as: 

" fI." i,x,t = 
v 

• Pj..,x,t . 
.R.T, 

•••• 

, 
The vapour pressure of species i is constant for a1l x 

3.16 

across the gas space at any particular time. As a r'esu1t, its 

value must be equal to its back pressure just above the 

Langmuir ptane. T~is, 
-t 

-for the bulk velocity, 

• • 1" . • and the substltutlon of Equatlon 3.14 
, . ~ '. 

give the final form of the expression 
f 

for the f~ux 'of species i across the gas space at that 

particu1ar time: 



, , 

il. Il 
1,t = 

... .11 1 p" bp 
"Hi t' i ---./._-------

j
' 

P ~} 
c" ' . f 

1 \ , 

r(( 

.... 

, .' 

Equation 3.17 i6 used as part ot an overall model for 

3.17 . 

vacuum distillation which i6 presented ip the next section. 

C J 

SECTION 3.9. ~ CqMBINED MELT PHASE MASS TRANSPORT, EVAPORATION 

AND GAS PHASE MASS TRANSPORT 
.' 

Equati6ns 3.1, 3.9 and 3.17 can b~ rewritten and combined 

to give an' ovatall expression for the rate of vacuum 

distillation refining as fol1ows: 

,0 

f 

Equation 3~1 give6: 

nIt 
i,melt = 

Equation 3.9 gives: 

fJ.II . 
i,\evap = 

Kl • 

{ 

{n' " -i,b 

r 

.. r' 3.18 

. . • •• 3.19 

II 

lI. 1 
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And .Equation 3.17 gives: 
~ 

1 ~ 

/ 

, n ~ , 
~,gas 

'1 
= bp' 

K3 • Pi \ •••• 3.2Q 

/ 
... 

As there is negligible accumulation of vapeur in the gas 

space, the flux of atoms to th~ liquid steel surface i~ at all 

times very nearly equal to the net flux of atoms across the 

Langmuir plane and to. the flux of atoms aw,ay from the liquid 
,..--- -

metal in the gas phase, ie. : 

j 
/ 

fi. , 1 

i,melt = = n" i,t,gas .... j 21 

-Èquation 3.21 can be usèd tQ combine Equations 3.18, 3.19 

and 3.20 to give an overall expression j..or the- flux of solute 

atoms from the melt in terms of the bulk concentrat~on of 

- solute atoms. The resulting expression is: 

of 
o 1 

n" . r 
i"t---- __ 

~, • .,,1 
[;ï 1 ;:~~;] -1 + .. -~--- + n' , , 3:22 i,b .. 

'l' .• K2 i ~ , 

~ 
whére: " 

\ 

. , 

/ 

/ 
/ 

/ 
,/ 

/ 

. 
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1/2 
..... 3.22a 

•••• ,3.22b 

Eni' ". 
-'--- • •••. 3.22c· 

?ch' , 

':!::!:~12 ' .... 3.22d 

Pb 

, Equation 3.22 is a, new model for vaouum distil1atïon 

refining. In this model, KI (the melt phase mass transport 

rate ooefficient) is a funotion of (i) the diffusion 

ooefficient of metallic solute atoms in liquid steel, (ii) the 

velocity of the liquid steel surface during induction heating 

and (ii~) the radius of the melt surfaoe, Equation 3.1. 
...- ' 

(the evaporation rate coefficient) ls a function of the 

K2· 1. 

molecular mass of the evapo~atin9 species and,the temperature 



1 

,\ 
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i 
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of the Langmuir plane, Equation 3.9. K3 (the gas phase rate 

coefficient) is a function of the total flux evaporating from 
, l ,-

the liquid steel surface and the total pressure of the vacuum 

chamber, Equation 3.19. has the value defined by Equation 

3.24d and is fixed' whèn ~2 is fixed. 

K3 is not constant with respect to time. It is directly 

proportional to the bulk vapour velocity away from the liquid 

surface. As a result, it decreases fram a maximum ~alue at the 

commencement of the vacuum distillation when ther~ is a large , 
flux of' vapour across the Lan~uir plane to a minimum' value 

when aIl of the volatile solutes have been eliminated from the 

melt, at which time, the flux of vapour across the Langmuir 
'. 

VI' 
plane is maLnly that of iron vapour. As K3 is dependent on 

. time, 'i t is not possible to find a simple analytica17 solution , 

to Equatidn 3.22. Therefore, for Eqaation 3.22 to be applied 
" to vacuum distillation predictions, it is expedient to use a 

numerical solution. 

A computer program was developed to serve this purpose. 

It predicts the bulk concentration of copper, tin, manganese 

~ ;rd iron as a function of time under various conditions 'of 

~simulated vacuum distillation ~efinin~. The next section 

presents the details of the computer· program which simulates 

vacuum distillation and sU9gests an optimum operating range for 

vacuum distillation refining ~ased on the model described by 

Equation 3.22. . , 

\ 

1 
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SECTION 3.10. COMPUTER SIMULATION OF VACUUM DISTILLATION 

REFINING 

The computer program described in this ~ec~ion simulates ~ 
1 

vacuum distillation by iteratively calcula~ing melt composition' 

on the basis of the flux of material away from the melt, 

Equation 3.22. The values of aIl constant parameters appearing 

in Equation 3:22a ~o 3.22d are stored within the' prograrn~ 

while, the values of the other variable parameters need to be 

supplied for each simulation by the operator. A complete list 
. . 

of the variabl~ parameters appear~ on Figure 3.10.1 along ~ith 
i' 

values of the parameters during a typical vacuum distillation 

, experiment. 

The computer program simulates vacuum distillation by 

first calculating the f~ux from the melt surface for the 
{ 

ini tial condi tions, assuming there is a perfect: 'vacuum, ie., 
. "il Equatioq 3.5. It us"es this value of flux to ,calcula'te an 

. . . \ ff"-lnltlal value for ~he gas phase mass transport rate coe lClent 

(Equat.ion 3. 22c). The progrant then calcula tes the f·lux of' 

meta! vapour- for the ini tial time interval (Equation 3.22) " and 

using the melt area, calçulates individual an total masses 

evaporating du~ing that interval. These values are utilized to 
G' 

calculate the change in the melt volume whic~ then allows an 
< 

evaluation of new melt composition. 

Once adjustment of the melt composition has been 
" 

performed, the program goes to the start of the,loop and 



) 

(' 
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calcula tes a flux for the next time inter val on the basis of 

the melt, composition at this time, and, the flux during the 

previous ,tim.e' interval, ie., for the gas phasè rate 

coefficien~. 

The program continues iteration in this manner until some 

"predetermined simulation time elapses. This method assumes 

that the magnitude of the flux does ,not change very much from 

one time interval to the next. Accuracy of this assumption was 

checked by trying various iteration time intervals. Time 

inter vals o~ la seconds or less gave consistent predicti9ns of 

the final melt composition, and_ as a r'esult, the program 

employs a 10 second iteraëion interv~l for the simulation. A 

listing of the program appears in Appendix 1. 

o The computer program output i5 successive, 100 second 

"" linterval predictions OD the bulk liquid composition. Figure 

3.10.1 i5 a plot of the simulation when the input variables 

ha~e the values shown on the figure. 
"'-

A factorial screening test was pe~formed using the 
, 

computer model ,to simul'atè vacuum distillation refining. The 

parameters which were found to effect the simulated elimination 

rate are listed bel~w in decr~asing order of effect: 

o 
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• 
(a) melt diameter (0.1 to 0.4 m) , ,ri 

(b) me1t mass (15 té> 60 kg), 

(c) melt temperature~ (1850 to 2000 K),' 

(d) chamber pressure (1 to 50 pascals), 

(e) veloci~y of the me1t surface (0.05 to 0.5 mis)) 

'( f) diffusion coefficient in l:iquid steel (5 x 10**-9 ta 

5 je 10**-8), ) l-

I 

and 

(g) melt compQsition {O.l to 1.0 wt% Cq, Sn, or Mn} • 

The first two parameters effect the e1imination rate by 

simply a1tering the1geometry of the melt, thereby, changing the 
, ~ ~ 

me1t area to volume ratio. 

The remaining important experimental variables are ~n 
melt temperaturei chamber pressure and the velocitt gf the melt, 

surface (as the diffusion coefficie;t is fixed). The effects 
~ 

of these variables are dernonstrated on Figures 3.10.1 to 

3.l0.J~ They indicate that the best operating range of 

controllable variables is (i) melt tempe~ature 1950 - 2050 K 

and (ii) chamber ,pressure 1 te 10 pascals. 

JI 

'<t ~, " 

The"effect of melt composition, with respect to a certain 

star~ing level of a particular elementi was very smallfor t~e 

range simulat~d in the above factorial test.' However, changing 

the initial rnanganese concentration from 0.1 to 5 wt%, does in 

fact, lower the copper- concentration at six thousand seconds of 

simulated vacu~ distillation, Figure 3.10.7 • 

, ' 

t. 
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il' 

, , 

The com~ter program was also used to,calculate the bu1k 

ve1ocityof the vapo~zing speci~s (Equation 3.14). The resu1t 
.\, . 

i5 pre~ented'in'Figur'e 3.10.8. It conftrms\that the assumption 
, 

'of, bulk ve1oc~ty a!ways greater than zero (Section 3.9), i~ 

(, . 
valid' for normal vacuum distillation condit~ôns. , , 

o ,"""'" 

" ., 

primed with this informatio~, the remainder of this thesis 
'" , 

covers-the~experimental study of pilot plant ,scale vacuum , . . , 
distillation and makes cornparisop between measured experimental 

• 
resu1ts and predictions of the computer model developed here • 

.... 
. ' -
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-\ 
Diffusion coefficient -.10-8 m2/s 
Me1t surface velocity 0.2 mis 

Melt temperature - 1950 K 

~nitia1 melt compositiop: 
1 w~% CUi 1 wt% Sn: 1 wt% Mn· 
Me1t Mas~ - 30 kg 

Melt diameter - 0.2 rn 
Chamber pressure - 10 pasèais 

~ 

'-

20.00 ao.oo qo.oo. $0.00 
\ 

Tl ME (SECONDS) X 10 .... -2 

,J' 

l'l 

J) 

, 
;" 

80.00 

Figure 3.10.1~ Computer simulation of copper concentration in 
liquid steel durirtg "acuum di~tillation.· Inset shows values of 
the parameters taken for this bê\lSe c~,se. 
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20~_OO ~ 30.00 
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"0.00 50.00 . ISO. 00 

Î 

Figure 3.10.2. Computer simulation of copper concentration in 
liquid steel during vacuum distillation showing 'the effect of~ 
changing melt radius. Values Df all other parâmeters are the 
sarne as for the base éase, Figure 3.10.1. 
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f 

60 kg 

- 30 kg 

gL-______ ~~ ____ ~~======~~ 
cb.oo 117.00 20.00' ~o.o.o 50.0a sa.oa 

TIM~CSECONDSl X tOMM-2 

Figure 3.1~.3. computer' simulation oi copper concentration in 
liquid steel during vacuum distillation showing the effect of 
changing melt mass. Values of all'other parameters are the 
same as for the ~ case, Figure 3.10.1. 
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Figure 3 .10 ~. Computer simulation of copperl concentr ation ·in 
liquid steel àuring vacuum distillation showing thé effect of 
changing melt temperature. ,Values of aIl other parameters are 
the sàme as ,for ~he base case, Figure 3.10.1. 
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Figure '3.10.5. Computer simula~ copper concent,ration in 
liquid stee~ ,during vacuum distillation showirig the effect of 

, changing chamber press,ure. Values of aIl other paramete e 
the same as for the base case, Figure 3.10.1 . 
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Figure 3.10.6. Computer simulation of copper concentration in 
liqu~d steel during vacuum aistil1~tion s~owing the effect of 
changing melt surface velocity or the diffusion coeff~cient of 
the solute atoms in liquid 'steel. Values of all other 
parameters are th'e same as for the base case, Figure 3.10 .'1. 
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Figure 3.10.7. Computer simulation of copper concentration in 
liquid steel during vacuum distillation show'ing the effect of 
changing initial manganesé concentration. values of aIl other 
parameters are the same as for the base case, Figure 3.10.1 • 
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Figure 3.10.8. Computer simulation o~ bulk vapour 'velocity 
during v-acuum distillation., Values of all parameters ·are the 
same as for the base case, Figure 3.1Q.l. 
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CHAPTER FOUR 

EXPERIMENT-AI" 

SECTION 4 .1. ÏNTRODUCTION 

The pr incipal aim o,f the exper imental progr am was 'to 

meas,e rate9 of copper,' tin, manganes' a'nd sul'phur elimination 

from liqt:!ig! steel when i t is ,exposed to va-cuum. Copper and tin 
, , 

elimination were studied by adding metallic copper and tin to 

the liquid steel without breaking vacuum. This was followedl by 

melt sampling'at regular intervals. Later, these samples were 

chemically analysed. Manganese and sulphur elimination were 
, 

studied simultaneously with the copper and tin elimination, 1 

however, neither was added to the Iiquid steel and their 

initial concè~trations were,thpse of the steel charge. 
" 

Gas phase and melt surface b~havioûr were studied by cine 
lL. 

and still frame photography of th~ melt sur'face ~andf gas space 
'.' 

abqve the crucible. The res~lting films 9r~atly aided in 

understanding the quantitative experimental results. 

/ 
.( 0 

, , 
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'. SEÇTION 4.2. : EXPERIMENTAL VARIABLES 

Previous studies (24-33) have suggested that the followin9 

experimental variables influence" the rjte of r~sidual element 

elimination by vacuum distillation: 

(a) melt temperature, 

(b) pressure of the vacuum chamber, 
1 

(C)'mel~area t~ volume ratio, 

(d) initial residual element concentration, 

(e) melt-oxygen content, 

(f) melt sulphur content, 

(g) slag on the melt surface, 

(h) pumplhg rates of the vacuum pumps, 

(i) inert gas bUbbling, 
. 

(j) inert gas jetting, 
1 

\ .' 

(kJ distance from melt surface to condensation site" , , . 
and 

(1) location of the vacuum outlët~ 

The importance of the first three parameters ~a~ ceen 

shown in the previous chapter, and as a r~ult, consi~erable 
, ' 

effort was invested to ensure that values of these parameters 

w~re known acçur~tely throughout the experim~ntal 

illve,s t 19 a t ion. 

rOI If 

" 

t 



(; 

o 

o 

S3 

Of the remaining parameters, only g, (surface slags) w~s 

considered to cause a potentially large' reduction in the 

elimination rate and, as a result, e xper, imen tal procedure was 

esta'blished with this in mind. 

The parameters which were control~ during the 

experJ,mental investigation were,: -f 

(a) melt temperature, 

(b) melt area to volume ratio, 

(c) chamber pressure 

and 
~ 

..>-<- -"\ ~ 

" (d) location of outlet from the,chamber to ~he vacuum 

pumps. 

, 

, The ran,ges of,these par ame te r s were: 

ME~T TEMPERATURE: 

1780 K to 2030 K as fixed by the melt!ng points of the 

steel and of Pt -. Pt 13% Rh thermocouples used for tempèrature 

measurement. .Î .. 

6 m:"'l to 60 m-l. 

1 
{ , ,t. ",' 

The limita were set by the maximum and 

mi~imum depths and diameters of melts which could be held in' 
, 1 

- the induction,coils. 

C 

, 1 • ~ 

~' /. -
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The lower 1imit \was the minimum pressure the v'acuum pumps 

could attain, about 3 pascals. Th1e upper 1imi t was chosen to 

be the pressure at which·there was negligible evaporation, 

about 2000 paseals. 

LOCATION OR PUMPING OUTLET: 

This was a discreet variable. The outlet was either 

100 cm away trom the melt surface, or-it was 15 cm away with an 

extension into the chamber (Figure 4.3.2). 

The 'parameters\which were not controlled are listed below, 

and in each case, there is a bri~f note corlcerning the 
\ 

importance of the variable and reasons for its omission from 

direct study. In sorne cases however, it"was still possible to 

collect data wh~ch showed the ,effect of the v~riable on" solute . 
elimination rate. An example of thi~ was the influence ~f sla~ 

on the melt surface. 

Ini tial· residual element concentration: 

It is thought that this variable would not have a large " 
effect on solute elimination rate (Section 3.10). In these" 
experiments, it was not possible to precisely cpntrol the 
initial value of solute con~entration as there was variable 
recovery due to melt splashing when the addition of the solute 
was made ta the melt under vacuum. . 

Il.:-.-. --------------.~-.--. 

" 

" 
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( : Melt oxygen and sulphur: , 
The effect of these v~riables is unknown. Melt oxygen was 

at a Law level in all experiments as a consequence of aluminium 
Killing of the liquid steel. It was planned ta control melt 
sulphur with addltions of calcium carbide. This was not 
feasible as any excess CaC2 floated on the tQp-,f~of the melt and 
blocked metal evaporation. ' 

i The effece of a coherent ~lag Ion the surface of the melt 
i5 ta fully black evaporation of metal from th~ bath. It was \,...,~ 
the ght that calcium fluoride could be used ta modify a'ny slag 
whi h formed. However, very little slag formed ~nd it was 
dif ieult to add CaF2 to liguid steel under vacuum since the 
CaF was in powder form which sprayed everywhere upon ~ 
int '1>duction into the vacuum. 

ing rate: 

Metallic vapours evolving from the melt condensed to 
er before I:hey reached the' vac.uum pumps. For this reason, 
ing ra té, per se! has no effect on solute elimi:nation 

In+r~' gàs bubbling and jetting: 
l ',' 

.. 

l ' \ 
; It is thought that inert gas could be used to increase 

omalss transfer rates in the Il!,elt by bubbling, and in \the chamber 
. space by jetting. The c~cept was C"~ropped because o~ the 

mechanical problem of rna1ntaining agas outlet deep beneath the 
surface of the.liquid steel. Also the pumping syste~ was 
inadequate ta cope wi th increased v(I)lumes of gas. ' 

Melt to condenser distance: 

\ A condenser placed at a distance less than t.he mean free 
pa~h of the metal vapour away from the liquid osteel surface 
should enhance thè rate of solute element elirnination (50'). 
This'was not experiment~lly viable as the melt-condenser 
distance would have had to have been less th an 1 cm (50). Also 
a cOz:1denser would have inter fereç wi th vi sual obsi9rvation and ,. 
melt sampling. 

, 

- -------, . -.'- ... ~,.,;. .... ""'.,. ""'~~"'7" 
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SECTION 4.3. EXPERIMENTAL APPARATUS' \ 

JS: 
A coreless 3000 Hz', 150 kW Tàcco inductionffurnace* 

(f - see Appendix 2) was used to melt and hold at temperature 
• • 1 

~ 
The charge was la to 65 kg st~el charges (Pigure 4.3tl). 

• f 

either ' 4x4 cm A36 grade hot roiled steel bar* or scrap steel* . .. ' ( 

The induction'furnace was mounted inside a 2.6 m3 (1.8 m 

~ diameter x 1.6 m long) . vacuum chamber. Ports were located on 

the top of the chambèr allow{ng sampling ~nd temperature 
D • 

probing without breaki~g,vacuum. vacuum-tight windows 

'permitted observation and photography of th~ chamber interior. 
: 

" The liquid s"teel wes contai·ned in 19.5 cm diameber RHycor" 

• 
alumina crucibles* which were,used for aIl experiments,except 

, ' 

5~ to 6C, ,where 35.5 cm diameter;. "Hyc?r" crucibles were used • 

. ,..J 

The pumping system,consisted of two stages, a Roots 
'" , 

• 

, blower' followed by a Stokes mechanical pump*. The ou.tlet Ifrom 
• ...! . 

the éhamber to the pumps was extended inwards
1 

towards the 

crucible in sorne exper iments ,(Figure 4.3,. 2A) "and in other 
'. 

experiments, it was not modified '(Figure 4.3.2B). A tilting 

type McLeod vacuum gauge* providèd pr~;sure read~ngs.· I~was 
J. \ 

mounted just outside the c~amber on the ,vacuum, line to the 
1 

pumps •• 

. , • 

.. 
JI 
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Norton type nR U 'JDIP TIP" tllJermoçouple* assemblies mounted 

on a temperature probe were used ta determine melt temperature. 

Thermocouple EMF was measured wi t'h a FI1..1ke 8600A digi tal 
, 

potentiometer*t', Temperature measuremen1:s were taken with t'hese , . 
. 

instruments, without breaking vacuum, by inserting the probe 

through a vacu~ seal on top of the vacuum chamber. 

1 

1 
Graphi te cups* were used for Sfmp1'ing, in aIl exper iments 

as they consistently produced a sou/bd sample. Quartz cups* 

" were tried in an attempt to avoid melt and sarnple contamination. 
! . 

by carbon. They were unsucc~ssfu~ as the steel always splashed 

out,S2f the cup befo.re i t froze • 

. , 

r 

j 
q 
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Figure 4.3.1. Overview of experimental apparatus. The vacuum 
chamber and its door can be se en in the center of the 
photographe Controls for furnace power are on the left with' 
vacuum pump controls next to them. The vacuum pum.ps are 
located behind the chamber and can not be seen here. Me1t 
sampling and temperature probing ports are located on top of 
the chamber a10ng wi th two observation ports., A third 
observation port is located in the center of the door . 

A B 

Figure 4.3.2. Details of the chamber interior. Fi~ure A shows 
the outlet extension in place just above, and to the right nf, 
the furnace (center foreground) and rigure B shows the 
apparatus without the exten~ion in place. A furnace tilting 
mechanism is located in the top of the chamber and a radiation­
shield can be seen to the 1eft of the furnace. 

, , 
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A Perkin Elmer Model 403 atomic absorption spectrometer* 

was used 'ini tial'ly for copper, and manga,nese ana1'yses. Later, a 
/ ....----" 

Baird" Atomic' M.l DV-2 Spectrovac* spectromete,r was used ta 
• , J 

analyse the samples' for copper, tin, ma·ngaI1ese and sulphur. 

f -'- , 
'...... ' ......... " 1 -, 

, Motion picture films were taken with a ~ocam lS'mm* 

variable frame sp~ed camera fitted with a CosmicaJ; 22.5-95 1ftm . , 

F 1.5 'te1evision zoom 1ens. ' S'til1 frame pictures were taken 
, , 

{ wi th a Minol ta SRT 100 35 mm camera fi tted wi th,' ei ther a 

.300 mm F 3.5 Tokina 1ens for photographing the melt surface or, 

a 55 mm F 2.0 Rokkor Lens for photogr aphing" t~e gas space. 
# ~ 

SECTION 4.4. EXPE'RIMENT AL P,ROCEDURE . 

Crucibles used in this study were cut down with a diamond· 

saw, from an internal wall height of 35 cm, ta a height of 

about 20 cm for experiments which had 30 or 60 kg steel" 

charges, and, ta about 10 cm for those with 10 kg charges. . ' 

The cruèible was placed high in the furnace coils, and tightly 

packed with clean refract~ry* (~ - see Appendix,2). 

f ; 
Great dare was taken in aIl experiments to ensure that 

there was no contamination of the refractory packing with 

either previously splashed 

cement which had been Qsed 
\ 

''', ' 

metàl droplets or with refrac~\ri 
. ' , 

to bold thespacking in place during 

, . \ 

~ 

:~* ..:~~~;-"':"~-' ~ :~;r~~'~7'~~ .. -~ .... ~~ ,-
4 

~". ::.., J."- .~ii~~~~7,.'!"i:,,~~-::~~ .. ~J"~ r~"~ ~P~,<4"'1"~ _\ .. :~:.;4 1-;- :-:~:- ~, -.. ~:"::'~ .... - ... " •• r 1 :r-t(oll''fMi* } , , 
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the previou~ experiment. This was essential because any 

. contamination of the refractory lowered its melting po;nt, 

thereby, rendering it ùnsuitable for high temperature 

experiments. \ Even with this precaution, the packing was 

observed to fuse beneath the crucible during prolonged high 

temperature e~periments. " 

". 
-

The 4x4 cm A 36 grade steel was surface ground to remove 

oxide which could contaminate the melt surface. The scrap 

steel was charged as received. Charge mass was.adjusted so 
( 

that when molten, it almost filled the crucible. Aluminium, 

0~2 to 0.4 wt% of the stee~ charge-weight, was added to the 

. cold charge.r~ The aluminium reacted wi th oxygen which was 

present in;-the steel when it melted and almost comple-tely 

eliminat,ed splashing and bubbling due to ca,rbon monoxide 

evolutio~ during ~umpdown. 

The chamber was sealed once the cruc~ble and jcharge were 

ln place and evacuated to about 7 pascals using odth the 

mechanical pump and the roots blower. By this means, chamber 

oxygen potential was lowered to about l to ,2 pascals. 

commercial grade argon* was then admitted, until the chamber 

pressure was just ~lightly less than 1 ~tmosphere which helped 

to reduce splashing during melt-down. :The low ox'ygen potential 
.' 

minimized excessive oxidation of the steel during this time. 

Melt-down required about 60 to 90 minutes. 
--- ). 

" 

'----.--- -~-
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.As saon as t?e charge was molten (1770 K), t~e Stokes 
\ 

mechanical purnp was restarted and the chamber was evacuated ta 
1 

about 2000 pasèals, a~~ich tirne, the Roots blower was 

restarteà as weIl. An initial problem was that the rush of hot 

gas "through the purnping system melted the purnping line foam 

rubber dust filter. In addition, the filter tended to burn due 

to the presence of sorne oxygen in these gases. The problem ~s 
1 

avercome by adopting a practice of intermittent pumping during 
, 

re-evacuation, ie., pressure was lowered in 4000 pascal steps 

with the mechanica1 pump until it was around 2000 pascals, at 
1 

which time, the Root's blower was restarted. Both.pumps were 

then employed ta pump continuously for the remainder of the 

experiment. 

~ from 2000 pascals to Chamber pressure fell quite rapidly 

_ 400 pascals and., then Slawly from about 400 'pascals to a steady 

value in the range 3- to 16 pasc.als in 15 to 25 minutes. The 
.J L , 

final steady value of chamber pressure depended upon the amount 

of air inleakage from a number of minor leaks in the system. 
\ 

\ 

A-thin film was always present on the surface of t~_ 
steel after melting, but, it tended to dissipate duri~: . \ 

superheating. In runs lat lower melt temperatures, around 

1900 K, the rate of film dissipation was low, and in somé low 

temperature experiments (less than 1900 K), the bath had ta be 

held at temperature for a considerable time (60'minutes) before 
\ 

the film pegan clearing. It was found thatJsuperheating the 

l , 
1 

.. 
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steel. to 20-50 K film. ,The melt could then 
d. 

be allowed to cool t run temperature, whereupon, th~ copper or' 

coppel:' and This procedure required 15 ~o 20 

minutes. 

An exper imental run began when copper or copper and tin 

were added to the melt. Samples of the melt were taken 

thereafter at regular 5 o 10 minute 
, \ 

inter vals by means of 

J1rap~i te cups attached to steel rads. These devices were 

inserted into the chamber without breaking vacuum. The samples 

were cylindrical, and weigh d about 80 gms. Depending on how 

rapidly the sarnples cooled, they were either gray or ~hite cast­

iron, the carbon being pick d up from the sampling cup. 

Temperature measuremen wa$ performed each time a s9mple 

was taken. The "dip s fixed to a probe whi~h was 

inserted through~the brids brea~er port without breaking 

vacuum. The probe was int oduced into 'the system as fast as 

possible to minimize heati 9 of the cold junction 5 cm above 

the thèrrno~ouple -bead. e cold junction was insulated,with 
--

1 9rn of ref-ractor'y which as .sufficient to delay i ts heating 

, until a reading of melt t mperature could be taken,' Six 

~inutes were required to 

further reading could'be 

~roplets of steel 

assernbly to cool béfore a 

splashed into the sample port 

'during sarnpling or addi ion maki~g, preventing' it from sealing. 

" 
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When, this occured, the pumps wete shut off, the chamber, vas 
-

repressurized with argon and the valve was removed, dleaned and 

replaced. The chamber was,re-ev.acuateâ and the experiment 

continued. TBe break in the experlment under such 

circumstances lasted about 15 minutes., 

At the finish lof a day's experimentation, the charge was 
, , 

allowed t9 cool in the crucible. It was then rernoved and 

weighed'~o estimate the mass sPlaShed-anJ evaporated~fraa the 

, "rucible during th; experiments, , The difference bet,!een fin~ 
and initial weights was divided by the number of times 

additions were made. It was assumed that melt mass decreased 

" in a stepwise fashion by this amount each time an addition wàs 
, , 

made. Melt area to volume ratio was ca~culated for e~cb run on 

this basis. 

The chamber was cleaned after each experiment. Great care 

was taken during cleaning because of the pyrophoric nature of 

condensate which adhered ~oosely to aIl surfaces of the chamber 

lnterior. This condensate was extremely finely givided and it 

caught fire on several occasions • 

. ~otographs of the melt surface were taken with cine and 

still cameras. Exposure was 1/18000 sec and F 2.5 at 500 

frames per second on 16~ ASA film for the cine fllms, and, 

1/500 sec at' F 8 on 64 ASA film for the sH'l'!- photographs. The 

gas space over the crpcible was photographed using 1/80 sec and 

,\ 

, ' .-
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(} F 1.5 at 24 frames per second, and, 1/4 sec to l/l~.sec at 

( 1 

F 2.0 on the 64 ASA film respec7ively. The slow f~~ spéeds 

and large apertùres 'were, 'nec~ssary when photographing the gas 

. spacé due to low light intensity. This was ~ot the case for 

photographs of the liquid steel surface. 

EXPERIMENTAL CONTROL 

4.5.1. MELT TEMPERATURE 

~elt 'temperature was controlled by varying the Power input 

to the furnace by man,ually adjusting the potential app1ied to" 

the induction furnace coils, Power input variation was based 

upon measured melt temperatu~e; ie., a feed back loop with a 

human controller. The smallest adjustment availab1e on the 

power controller was a 2% change in % rated volts •. The control . , J" 
attainable by this means is summarized in Tàble 4.5.1. J 

MELT MASS TEMPERATURE CONTROL - (kg) 
\ . 

10 +/- 50 K' 
30 +/ ... 20 K 
60 ' +/- 10 K 

" 'Table 4.5.1 Tempera.ture control achieved on, 10, 30 and 60 kg 
melts in this s,tudy as indicated by a '~ip tipI thermocouple 
measurements. • , 
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A typi~al thermocouple-probe EMF. r~/ponse is shown in 

Figure 4'.5.1. 

Cold j unction 
, hea t'l.ng • 

MaXl.m1,.Ul\ EMF 

EHF, mV. ~ 

l5 , ,(;, 

10 

5 

Tlp touches liquid steel 

o ~ ____ ~ ______ ~ ______ ~ __ ~~~ ____ __ 
O,QO 0.25 0.50 0.75 1. 00 

Time, seconds 

Figure 4.5.1. Melt temperature probe response as a function of 
time from the momént the port was opened to permit,entry of,the 
the~mocouple probe to the chambar. 

, ' 

It can be seen that the EMr of the temperature prpbe 

changed continuously with time. As the thermocouple junction _ r 
came ta equilibrlum with the bath, its EMF rose to a steady 

value which would have been maintained if the cold juncti9n did 

not heat uP.... However, 'only a fraction of a second elaps,ed 
, r 

.J 
before the EMF began to decay due ta warming of the cold 

junction. 
1 

;-
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In other words, the readin~ had to be taken quickly and 
/ . 

coup1ed with the unsteady nature of the digital output, for ' 

example, a +/- 0.1 mv chan~e bet~een updates 1 precision of the 

'reading was limited to +/- 0.1 mV. This correspond~ to fa 

+/- 10 K pr~cision in melt temperaêure in the range l790.K to 

2'0(0, K for Pt / Pt 13% Rh thermocouples. The thermocouple 

1 measurements were thought to be 'accurat; te +/- lO'K as the~ r 

corresponded within +/- 10 K of the liquidus temperature of 

the steel when a reading ~as noted just after meltdown. 

4.5.2. : CHAMSER PRESSURE 

Chamber pressure fell to a steady value at which the tate 

the vacuum purnps ~emoved gas from the chamber became equal to 

the raGe" gas enterled the chamber plus 'the rate gas was 

genera,:eat wi th!n ,the éhamber. The gases enter i~g t~e chamber\ 

\Vere ei ther -0) air which accidéntally entered .the ch'amber 

through a number of minor leaks Or ,(ii) argon which was . 
" 

purposefully injec~ed through a port in the, cente,rI of the 'rear 

wall of the chamber. The a~gon was inje~d ât a controlled' 

rate to maintain the chamber pressure a~ the: value it would 
.1 

have had wi th full pumping (F,igure 4. 5'i 2) • Th~ rate air leaked 

into the chamber varied depending on the condition of the seals 

of the chamber. 
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ARGON f10w rate, cm3/s 
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Chamber Pressure, pascals 

Figure 4.50\20 Cheunber pressure as a futlction of argon flow 
rate. 

The rate ,gas was geq~rated within the chamber was the sum 

of, outgassing, ie., the evolution of gas from solid surfaces in Q 
~ 

• 
the chamber " pl us the rate gas was e\1ol ved from t,he mel t, for 

example carbon monoxide. Me~al evaporation is thought to not 

influence the chamber pressure' measurements, because, the 

vapours coo). and conden'se ei ther in the chamber i t~e1f or in 

the McLeod vacuulJl-l-''9auge. 

In most cases there was n? argon injection during, the 

experiments and c~amber press~re d~ring the exper~rnents was 

generally steady. The only control exerted under tbese 

circumstances was at times ~hen the chamber pressu~e 

() accidentally rose above, 30 pascals, wi th full p~ping and aIl 

; , 
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ports,closed,.due to a sealing problem. In such a 'case, the 

experiment was stopped to check and cléan probable leaks. Thé 

most frequent leak source was the samPlin~\rt 

for its repair was described ,in Section 4.4: . 
and procedure 

Argon was used in several experiments to maintain high 

" ~ 

cham~er pressure (16 to 50 pascals). The argon injection rate 
1 

was controlled by adjusting an argon flow valve setti~g. A~ 

any setting, the argon flow rate varied less than 10 % which 

resulted in an equivalent p~rcentage variation in chamber~ 

pressure. 

4.5.3. MELT AREA TC'VOLUME RATIO 

J 
The area to volume ratio of a melt in a cyclindrical 

crucible ts equal to the reciprocal of melt depth. lt can be 

determined from the dimensions of the crucible and the mass of 

the melt. The melt ar~a to volume ratio increased during the 

course of an experiment, tiue to melt splashing, metal 

evaporation and sample taking. At any time during an 

experiment the mel t mass was thought to have been known to ~' 

within +j- l' kg. Table 4.5.2 ~hows approximat~ values and ... 

accuracies of melt area to volume rat~o in this study. 
.t!-, 

., 

~ 
~ 

\ 
, , 

\ 
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10+/-~1 
30+/-1 
60+/-1 
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'caUCIBLE DIAMETER 
(cm) 

20+/-1 
20+/-1 
36+/-1 

A/V 
( lm) 

25 +/.:. 12.5% 
7 +/- 3.5% 
7 +/- 1. 5% 

Table 4.5.2. Precision of reported rnelt area té volume ratio as 
a." funct,ion -of me1 t mass -and crucible diameter. 

o , 

4.5.4. LOCATION OF PUMPING OUTLET 

.. 

Th location of the chamber pumping ou~let was controlled 

"a,} • 

.. 

by p1acing or removing an outlet extension before starting the "-
, 

day's e periments. With the extension in place, the mouth of 

t was 15 +j- 3 cm from the rnidpoint of the steel \' 
, 

surface, whi1st without the outlet .extension, it was 100 

+/- 3 c~ away. 

_ r • 

SECTION 4.6. : PRECISION OF MEASURED DATA 

, J.....:--_______. 

4.ô.l. AMPLING TIME 

The 

-copper or 

,was then ta 

- - ,/ t , 
1 , 

---~ 

the first sarnple following an addition of 

and tin was taken as the initial time for the , , 

solute elimination rate. Vacuum exposure time 
• as, that elapsed fr,om the initial time. Samplin,9 

, 

- .. 

.. 

o 

\ 
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times 
0 

+/- minutes. were precise to 0.5 
! ~ 

'" 

;'" 
~ 

4.6.2. CHEMICAL Aij~LY~IS 

Duplicate analySes of ,melt samples 9~iVe an estimate 

. '(T~,ble 4.6.1) of the preci'sion of copper and manganese analyses 

pkrformed using the flame atornic absor,ptionJPectrorneter. 

Analyses of ~elt samples taken simultaneously from the liquid 

steel generally ~ell within the accuracy claimed by the 

manufacturer".' This' consfstency ls considereâ to be a good 
1 

r 'chéck for the accuracy of the analytical techniques and the 

, . 

p;~cision with which the melt sampl~s represented the liquid 

steel at any given time. 
/ 
\ 
1 

ELEMENT RANGE (wt %1,' 

0 

Cu 2 - 0.01 
Cu 0.01 - 0.001 
Mn 

~ 
J. - 0.01 

. Mn 0.01 - 0.001 

~ ACCURACY* PRECISION 

+/- 3% +/ .. 1% 
' +/- 10% +j- 10% 
+/- 3% +/- 3% 
+/- 10 % +j- 30% , 

, . 
. Tabl~ 4.6.1. Accuracy and preC1Slon for copper and manganese 
analyses by atomic absorption spectrometry. * Manufacturer's 
~laimed accuracy when their"Standard te~hnique ls followed~ 

~ A set of samples analysed by flamT atomiq absorption was ~ 

'employed to calibrate the vacuum arc spectrometer (Appendix 2) 
o • 

utilized for la ter experiments. 'Table 4.6.2 shows the accuracy 

and precision of the ~atter Methode ,f!' 

" , 
1 

, 
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ELEMENT RANGE ACCORACY* PRECISION 

Cu 2 - 0.001 +/,-. 3% .. +/- 3% 
Sn 2 - 0.001 +/- 3% +/- 3% 
Mn 1 - 0.010 +/- 3% +/- 3% 

.< Mn 0.010 - 0.001 +/- 10% +/- 30% 

~~ 0.10 - 0.001 +/- 10% +/- 20% 

~, 
Table 4.~.2. A~uracy and precision for copper,·tin, manganese 
and sulphur analyses using vacuum arc atomic' absorption 
spectrometry. * Manufacturer's suggested accur~cy wWen the!r 
standard, technique is followed. 

SECTION 4.7. DEFECTS AND ADVANTAGES OF THE EXPERIMENTS 

Two major problèms of this experimental work were melt 
... • J 

splashing'and condensat~ refluxing. Splashing w~s a problem 
\ 

because it led to uncertainty in the melt area volume' rat;io. 
:v 

Condensate refr'uxing I,caused by mater ial which had evaporateq 

from the liquid steel, and condensed on the crucible free wall, 

being washed back into' the melt by melt splashing) was a 

problem because it led ta low apparent rates of elimination. 

~his refluxing was particularly propaunced due ta the splashing 

which occurred whenever an addition ar a sample cup was 

introduced into th'e melt. It was 'reduced by ensuring the melt 

filled the crucible as full as feas~ble. 

1 Another major pr6blem was that" the metal vapeur whieh 

evolved from the liquid steel and escaped from the crucible, 

adhered loosely to al~urfaces witQin the vacuum chamber. The 

., , 

1 1 ~ 
\ 
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. 
amount of deposit was greatest on the roof of the chamber 

directly over the crucible, and when' it became too heavy, it 

detach~d itself and fe~l, ~ome falling back into the liquid 

steel. This aiso led to low apparent ~ates of solute 

elimination. It was significantly reduced by trapping the 

condensate with a sheet of aluminium gauze which was stretched 
J ' 

betwëen two supports in the roof of the chamber (Figure 4.7.1). 

As for experimental advantages, the most useful feature of 
, .... 

the apparatus was the facility which enapl~d independent 
. 

sampling and temperature probing as well as simultaneous visual 

observations through the chamber windows. In aIl previous work 

on vacuum distil,lation, problems associated with, the .. , 

maintenance ~f the vacuum seals led to diffiCUI:,· in either 

m~lt' sampling or temperature measurement. As a~consequence of 
\ 

the visual observations, difficulties with one device could 

immediately be seen so that i t did not intre,rr!-lpt the gather ing 
r 

of data wi t,h the othe}'. For example, touching the crucible· 

wall with the sample probe (breaking off the cup) did not stop 

the measurement of the me!t temperature which was essential to 
-:: 

good temperature, control. The flexibility of this arrangement 

led to excellent experimental control because it was possible 

:0 observe, quickly measure and co~ensate for changes which 
, 1 

occurred during the course"of an experiment. It also led to , . 
excellent melt sampl:ing, because 'i t was possible to observe and 

" 

ensure that a good sample was obtained. 
1 \ 
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1 \ . 

Figure 4.7.1. Aluminurn gauie attached tp the roof of the 
vacuum charnber to prevent 'condensate' ret'luxing. The gauze can 
be seen to be covered with fine conôensate and to have 
disintegrated direétly over the rnelt; A large build-up of 
condensate can be seen on the wire 't,hat supports the furnace. 
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SECTION 4.8. OVERVIEW OF THE PRESENT EXPERlMENTS 

The experimental plan was flexible which made it possible 

l to try out new ideas, for example, placing the gauze in the 

roof of the chamber. The step-wise development of the 

experimental program can be seeh in Table 4.8.1 which shows an 

overview of the experi~ents in the order they were performed. _ 

The significant developments and improvements in this 

program were: 

and 

Ca) good temperature control, 

(b) good pressure control, 

(c) wide temperature range, 

(d) standard melt surface conditions, 

(e) addition.of copper or copper and tin to liquid steel 

without breaking vacuum, 

(f) minimum air inleakage, 

(g) placing gauzê -in roof to minimiz.e refluxing 

(h) simultaneous quantitative and photographie records. 

1.. 

., 

) 

.. 
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, 
'EXPERIMENT NUMBER .' 

lA -lB 

( 
2A 

3A - 3.0 

4A - 4b 

SA 

6A - GC 

~ 7A - 70 

8A - 80, 

9A - 9E 

IOA - lOB 

lIA - IlB 

1:2A - 12B . 
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DESCRIPTION 

Cu added to cold'30 kg charge, poor 
t,emperature control \ 

" NO data, Cu added to liquid steei-, poor 
temperature control 

Good temperature control, vacuum 
outlet extended towards melt-

Good temper-ature control, outlet extension 
in place . • 

NO data, entire 10 kg charge, splashed 
from crucible during melting 

10 kg charge, good temperature control, 
outlet extension in place 

-65 kg charge, good temperature control, 
outlet extension in place 

\ 

Gauz~ in roof, no outlet extension, 
gOQd temperature control 

Gauze in roof, no outlet extension, 
good temperature cQntrol 

Gauze in roof, no outlet extension, 
good temperature control' 

. 
Steel scrap charge, outlet extension, 
gauzè in roof, good temperature c9ntrol 

steel scrap charge, no outlet extension, 
gauze in roof, good temperature control, 
continuous argon injection" , 

Table 4.8.1. Outline of ~xperimen;al ~evelopment. 
' .. 
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• SECTION 4.9. SUMMARY 

In summary, the experiments were aimed at measuring rates .-
1 

of copper, tin, manganese and sulphur elimination fro~ liquid 

steel under vacuum. Variation in melt surface condition, 

splashing and refluxing were sources of experimental 

uncertainty. Photographie observations led ta an understandinq 

of gas flow ln vacuum and'also helped evaluate the influence of 

the experimental parameters. 
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CHAPTER FlVE 

RESULTS 
... ------

SECTION -5.1. :' MEASUREMENTS 

and, 

The measurements taken in this investigation were: 
\ 

i _ 
(a) mel t mass, 

(b) crucible diameter and height, 

(c) vacuum exposure time, 

Cd) melt temperature, 

_ (e) ehamber pressure, 

(f) c'opper concentration in the liquid ste,el, 

(9) -tin concentration in the .liquid steel, 
\ 

(h) manganese concentratjon in the liquid steel 

(i) sulphur concentration in the liquid steel. 

These measurements are tabulated for each- exper~men~ in .. " 

Tables 5.1.1 to 5.1.4. 

, . 

" 

\, , 

\ 

- ______ ........ ___ ""'"" ........ r-'"~ 

.. 

, , 



i 
\ 

! 
l' 

, 

! 
f 

'] 

~ - ....... ~ ... ''''~ .. - ~ r t 

( 

\ 

\ 
\ 

0 . 
" -, 

/ 

f'" 

( } 

- 78 -

\ 
! 

.. 
1 ( 

l" 

--------------------------~---------------------------------
lA 31. 5 20:20 0 1906 10.7 0.881 ----- 0.31 0.037 

YO 2009 16.0 0.520 ----- 0.10 0.035 
52 0.304 ----- 0.,03 0.028 , 

~----------------------------------------------------~------
lB 29.5 20; 20 .. 0 0 •. 95 ----- 0.02 0.026 

15 ---- _.J' __ 
0.43 ----- 0.005 0.018 

2A 29.5 20:20 0 1973 0.805 ----- 0.296 -----
12 ---- 13.3 Q.555 ----- 0.131 -----

------------------~-------------------------~-------------~-
3A 32.5 20:20 0 1980 20.0 0.579 ----- 0.125 -----

11 1987 16.0 o .4OV--_':- 1 0.048 -----
24 ---- -~-- 0.27,8 ----- 0.003 -----
32 ---- is.o 0.23 ----- 0.002 --_ .... -

-------------~---------------------~------------------------
3B 30.5 20:20 0 2002 26.7 0.697 ----- 0.004 -----

15 2002 21. 3 0.428 ----- ----- -----
27 2002 14.7 0.325 ----- ------ -----
~6. 2002 20.0 0.293 ----- ----- ---~-

~------~------~------------------~------~------------------~ 3e 28.5 20:20 0 1906 12.0 0.802 ..... _--- ----- -----
12 1928 8.0 0.581 ----- ----- -----
21 192I 4.0 0.423 ----- ----- -----

• 30 1928 0.336 ----- ----- ---,..-------------... ---_ .. _------------------~-----------------------
3D 26.5 20;20 o· 1943 6.7 0.948 ----- ----- -----

la 1950 6.7 0.619 
, ----- ------ ---... -

22 1918 6.7 0.457 ----- ----- -----,. 
36 1870 6.7 0.312 ----~ ---.. -- -----

--------~~--------------~-~~~-~-----------------------------
4A 29.5 20:20 0 1856 14.7 0.680 , ----- 0.501 ---_ ... 

8 1885 8.0 0.621 ----- 0.317 ----~ 

17 1870 8.0 0.501 ----- 0.130 -----
27 1885 8.0 0.427 ----- 0.084 -----

----------------~---------~-------~-------------------------
4B 27.5 20~20 0 1813 4.7 . 0.743 -..... _- 0.047 -----

17 1870 3.3 0.659 ----- 0.034 -----
27 ---- 4.7 0.500 ----- 0.016 -----
37 1885 4.7 ' 0 • 418 ----- 0.010 - .. _--

• 
--------------------------------------~----------~-------~--

'Table 5.2.1. Measured values of experirnental parameters and 
melt composition for Experiments lA to 4B. 
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__ • ..,J::' 
~ 

CJ~ 
~\ 4;- .q,'tI 

, CJ~ .~ 
.(,. 'V..., ~' ~, 

~~ 
<;~ , .:;".(,. 

~flI ~ .c,.flI r> .:;:,.(,. 

R 'V " ~ 
, ,*,0, ....,"f:1 1:) {lt ~.:;:, .(,.1J' rz,~ <::::i ~ f flI 

'V f?' ~ ':'Yrz, + ~~ ~'v 
rz,J::' ~f? 'Q"i • "0 flI 'Vrz, flI.(,. v'::;' ~J::' ~ . ...,~ ~ . .., ~ 

CJ'" CJ .::;. ~ ~ ~v -:y'V V Iv.::i v.c...::i 'rrCJ":;:' +i7 
(lb (lb CIb (lb 

\+~ ~flI ~ &' ~'V ~~ ~~ ~'V 
~ 

-------------------------------------------~----------~-~---
6A 9.2 20i10 0 ?17731 25.3 0.673 ----- 0.017 -----

13 1935 12.0 
20 1921 10.7 
30 1913 

0.453 
0.236 
0.141 

-----. 
-----
-----

0.005 -----
0.002 ---_ ... 
0.001 -----

--------------~-----------------------~-------~-~-----------
6B 7.2 20;10 0 1899 6.7 '0.629 ----- ----- -----

9 1890 6.7 0.454 ----- ----- -----
19 1904 6.7 0.222 ----- ----- -----
31' 1904 6.0 0.108 ----- ----- -----

6e 5.2 20; 10 0 6.7 0.925 ----- ----- -----
8 1899 8.0 0.395 ----- ~---- -----

------------------------------------------------------------
7A 62.3 

7B 60.3 

36;20 0 
12 
18 
37 

36;20 0 
10 
21 

1849 
1892 
1899 
1899 

1892 
1899 
1921 

9.3 
9.3 

33.3 

6.7 
6.7 

13.3 

0.786 
0.678 
0.562 
0.501 

0.836 
0.692 
0.533 

-----
-----
-----
-----
-----
-----
-----

0.127 -----
0.084 -----
0.052 -----
0.038 -----

0.038 -----
0.020 -----
0.011 -----

-------------------------------------~~---------------------
7G 60.3 36;20 

, 
a ' 1928 
9 1923 

20 1943 
27 1921 

6.7 
6.7 
6.7 

0.466 ----- 0.009 
0.396 ----- 0.006 
0.277 -----, 0.003 
0.236 ----- 0.002 

__ ..1 __ 

--------------------~------------------.----------------------

70 58.3' 36 i 20 '0 1987 
12' 1993 
20 1972 

13.3' 0.429 ----- ----- -----
37.3 0.288 ----- ----- -----
37.3 0.272 ----- ----- -----

-~----~~~------------------------~----------------------~~--. 
Table 5.2.2. Measured values of experimenta1 parameters and 
melt composition for Experiments 6A to 70. 
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~ 

CJ~ 
1lI~ 

'''''~ 
~ 

* \ CJ~ '.~ 
'v '<.1'" Ill' 

'<Jill \ 

~'rI 

" § ""Ill ~1lI.q- ""Ill "" ~v 
~Ô) ''y 'lf 'tl~' f.t;'> 'v 'lf 1lI~ ~ O· III 

III -,ylll +,q, ~L), q,"" 
. ~"Y _$ 'Ill '<.I1lI 1lI{, V~ 

CJ"" CI v~ '<.1 'rI~ ;) V ~ Y "lb 

v"" vI" ~'rICi ~1lI ~'V 4" 6' 

~~ ;, 
"lb "lb "lb 

~'<.I ~'<.I 

, 
------------------------------------------------------------
SA 

SB 

29.5 20:20 0 1965 
la 1972 
22 1965 
32 1972 
41 1972 

27.5 20,20 0 1965 
'\' Il 1965 

20 1951 

13.3 0.150 0.,100 
12.0 0.110 O.USO 
13.3 0.071 0.057 

8 .. 0 0.048 0.036 
8 .10 0 • 036 0 .029 

0.570 
0.,200 
0.010 
0.017 

5.3 0.148 ~.117 -----
6.7 0.114 0.102 -----
4.0 0.081 0.083 -----

0.048 
0.043 
0.037 
0.028 
0.026 

0.016 
0.Q12 
0.0>12 

---------~--------------------------------------------------
SC 27.5 20:20' 0 1958 5.3 0.071 0.082 ----- 0.011" 

12 1958 -\ 4.0 "0.054 0.064 ----- 0.009 
-------------~--~-------------------------~-----------------
80 25.5 

9A 36.4 

20;20 0 ---­
Il 1958 
21 1958 

20,20 0 11958 
9 2029 

19 2017 
34 2028 

40.0 0;580 -----
26.7~ 0.448 -----
30.7 0.384 -----

J,6.7 0.239 0.088 
16.7 0.138 0.072 
26.7 0.078 0.036 
26.7 0.053 0.020 

0.460 
0.056 
0.020 
0.009 

0.009 
0.008 
0.007 

0.040 
0.031 
0.022 
0.020 

-----,------.... -----,---------------------------------.----------
9B 34.4 20;20 0 1999 13.3 0.181 0.106 0.016 0.018 

8 1998 10.7 0.129 0.080 0.004 0.013 
16'1 2009' 10.7 0.082 0.070 0.014 0.013 
26 2018 13.3 0.047 0.046 0.003 0.011 
35 2005 13.3 0.0\34 0.042 0.008 0.010 

------------------------------------------------------------
9C 32.4 20:20 0 1809 10.7 0.277 0.135 0.009 0.008 

8 1777 8.0 0.272 0.137 0,009 0.009 
16 1784 8.0 0.281 0.140 0.019 0.009 
30 1798 6.7 0.270 0 .• 130 ----- 0.008 

------------~---------~--------------------------~----------
90 32 • .4 29: 20 0 1892 6.7 0.266 0.144 0.017 0.009 

10 1892 6.7 0.250 0.148 0.009 0.009 
--------------------------------~--------~~------------~----9E 32.4 20,20 0 1939 6.7 0.184 0.132 0.007 0.008 

10 1935 8.0 0.137 0.130 ----- 0.006 
20 1935 8.0 0.103 ----- ----- -----"\ 
30 1935 6.7 0'. 080' 0.104 ----- 0.006 

--------------------------~---------------------------------

Table 5.2.3. Measured values of experimental" parameters and 
melt composition for experiments 8A to 9E. 
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~---------------------~--------~----------------------------
1 IOA 36.4 20,: 20 0 1921 

Il 1980 
31 1972 
41 
46 1965 

14.0 
13.3 
13.3 
13.3 
20.0 

0.205 
0.154 
0.077 
0.061 
0.056 

0.098 
0.080 
0.0\50 
0.034 
0.029 

0.450 
0.152 
0.019 
0~025 
0.007 

--'---

-.----

------------~-----~----------------~-------------------~----
lOB 34 .. 4 20120 0 

10 
23 

1799 
1804 
1764 

14.7 
13~3 
14.7 

0.074 
0.075 
0'.074 

0.083 
0.087 
0.082 

0.003 
0.012 
0.006 

0.013 
0.014 
0.016 

--------~---------~~--------------------~-~-----~-----------
l1A 36.4 20:20 a 

13 
32 
42 

2005 
1965 
1993 
1996 

60.0 
347 
373 
400 

0.168 
0.150 
0.140 
0.132 

0.067 
0.064 
0.056 
0.056 

0.167 
0.120 
0.094 
0,.070 

0.032 
0.030 
0.028 
0.027 

-------------------------------------------------~----------
lIB 34.4 o 

10 
20 
30 

1968 
1983 
1993 
1991 

8.0 ,0.294 
6.7 0.194 
6.7 0.14"0 
8.0 0.100 

0.034 0.016 0.022 
0.022 0.005 0.020 
0.018 0.004 0.017 
0.013 ?0.015? 0.017 

-~--------------------------------------~-------------------
I2~ 36.4 20;20. 0 2000 6.7 0.230 0.09S ----~ 0.029 

15 1985 13.3 0.190 0.088 ----- 0.026 
" ' ------------------------------------------------------------

Table 5.2.4. Measured values of experimental parameters,and 
me1~ composition for Experiments 10A ta 12A. 
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SECTION 5.2. RESULTS .. 

The ~easured data were used to evaluate: 

r (a) the eXp'erimental condi t ions, 

(b) initial solute concentrations, 

(c} percentage solute elimination as a function o,f vacuum 

exposure time, 
./' .. (d) elimination rate coefficients (see Section 7.9) for 

,each solute 
o 

and to prepare: 
o 

(e) plots of Ln.(wt % solute) versus va'c~um exposure time. 

Figures 5.2.1 to 5.2.29 show th~s information for each of 

the experimental runs. 
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Figure 5.2.:2. Valués of experimental' parameters, percentage 
copper, manganese a~ sulphur eliminated at each sampling time 
and plots of natural logarithm of ,measured copper, manganese ' 
and sulphur concentration against time 'for experiment lB. The 
val,ue of a rate coefficient for each measured solute are also 
9~i ven. 
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Fi9ure -5.2.3. Values of exper imental parameters, percentage 
copper and manganese eliminated at each sampling time and plots 
of natural,'logatithm of measur"ed copper and manganese 
concentration against time for experiment 2A: The value of a 
ra~e coefficient for each' measured solute ar.e also given. 
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Figure 5.2.4. ValUes of e~perimenta~paramete~,percentage 
copper and manganese eliminated at e$ch sampling time and plots 
of natural logarithm of measured copper and manganese . ~ 
concentration against Ume for experimer;;lt 3A. The value of a 
'rate co.efficient for each measured solute are also given·. 
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Figure 5.2.10. Values of experimental parameters, percentage 
copper ano manganese eliminated at ~ach sampling time' and plots 
of natural logar i thm of measured copper and manganese 
concentration against time for experiment 6A. The value of a 
rate coefficient for each measured solute are also given . 
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Figure 5. 2~. 28. Values of ·experirnental pararneters', percentage 
copper, tin, rnanganese and sulphur eliminated at each sarnpling 
time and plots of natural logarithm of measured copper, tin, 
manganese,and sulphur concentration against tirne~for experiment 
LIB. The value of a rate coefficient for each measured solute 
are als,o gi ven. 
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, Figure 5.2.29. Values of exper-imen~al P?r ameter s, percentage 
copper, ti~ and sulphur eliminated ~f ~ach sampling time and 
plots of'natural logarithm ofomeasured'eopper, tin and °sulphur 
:concentration against time for experiment 12A. Thè' value of a 

~e'coefficient for each measured solute are also given. 
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CHAP'l'Ea SIX 

PHOTOGRAPHIe STUDIES 
------r-----~-------

SECTION 6.1. INTRODUCTlPN 

~ 
This ,chapter presents photographs talen of the'liquid 

metal under vacuum and of the flow of metal vapour in the 

chamber space above the induction furnace. Still 35 mm 

photographs and selected frames tram 16 mm cine 'films'are-

shown. 

SECTION 6.2. LIQUID METAL UNDER VACUUM 

.and, 

o 1 

Three ph~nom~na were photographed: 
o 

(al slags and films on the liquid metal surface" 
,) 

1 

(b) malt turbulence due ta induction stirring 

(c) gas bubble evol~~ion and burst~n~ due melt boiling. 

6.2.1. SLAGS-ÎÀND SURFACE FILMS 

The surface of the liquid steel was always ·covered by ,a 

bulky coherent slag' at the time the' steel charge, was just fully 
o 

molten. Figure 6.2.l'shows part of this slag. The pattern af 
19 
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. 
outward radiating lines was due to

v 
a jet of argQn ~irected at 

the centet of the charge during melting. 

This bulky slag <!~ssipa ted or was splashed of f dur ing the , 

time the melt was b~ing superheated ta run temperature and left 

behind only a thin film on the liquid metal surface 

(Figure 6.2.2). This latter film broke up along the:boundaries_ 

which can be seen in F~gure 6.2:2. It,receded towards the edge, 
\, 

of the melt when the furnac~ power was on due to the donvex 

sh'ape of the melt s'urface caused by the 'induction field, 

Figure' 6.2.3. 

,~ 

The film eventually bfiloke up into small particles whlch 

moved about on the melt surfa~e. With the furnace power on, 

they also remained near the melt,edge and were disturbed only , 

by induction'stirring 'and bubble evoiution. Figure 6.2.4 shows , 

the nature of the fi+m at ,this stage. '1 
-\ 

} 

, J 
Figurei 6.2.5 and 6.2;6 show the è9mplete me~t sutface. 

The formèr shows about 30% clear surfaoe and the latter shows 
1 

100% clear surface for ··evaporation which was the eondi tion ot \ 

the melt when additions of 'copper or copper and tin were made. 

This-conditioh was maintained for· the remainder of the 

qua~titative eli~ination experiment. 
\ . These photographs al~o 

:/ -
, . 

indicate tne manner in which métal vapour conde,nsed on the . 
, - 1 

\. -
crucible wal1s., They were take~ duting,a ,prel~mi~ary xun in 

- ,'d. which the cruciole he:Lght ,hàd 'not been reduced. 
... 

7 

. , 
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Figure 6.2.1. PhotQgraph of sl~g present on surface of liquid 
steel just after it h~d melted. Photograph taken through one 
of the observation RIIts atop the-chamber. Black shadows are 
due to radiation shilfNl"obstructing view. Pattern in the slag 
was caused by a jet, of argori impinging the surface at the upper 
left of the photograph (magnification: X O.5~. 

F~gure 6.f.2. Part of thé 'melc surface and a 'portion of the 
crucible wall. Points to note are the materi'al 'which has 

- splashed and fr'azen onta the crucible wall (top of phctograph) 
and the thin film broken by many fissures on the ~elt surface 
(magnification: X 0.5-). 
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, 
Figure 6.2.a. Portion of the melt surface and part of the 
crucible wail. There had been very little splashing up'to the 
tirne this photograph was taken, ie., the cruc~ble wall is 
aYmost clean. The film on the melt surface can be seen to have 
brQken up and receded to periphery of'the melt (magnification: 
X 0.5). .. 

"'-

, Figute 6.2.4. A portion of the melt surface. The film had 
'fully 'proken up and layaround the melt edge. Melt turbulence, 
app.?rent~y due ~o gas bubble evolution, fs visible at the top ~ 
of the figur~ (magpification: X O.~). /" 

1 

.-



( 

( 

116 -
. If 

, f 

Figure 6.2.5. The entire melt surface as weIl as part of the 
crucible wall. About 30% of the melt ~as clear at this time. 
~ point tO,note i5 the buil~up of condensed material on the 

walls of the crucib1e, especially the right hand side. This 
photograph was taken during a preliminary. run (magnific'ation: X 
0.3). " 

Figure 6.2.6. Condition,of the melt surface typical of that 
dur~ng a qualitative vacuum distillation experiment. The 
buildup on the crucible wall can be seen once again 
(magnification: X 0.3). ~ 
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6.2.2 •. : 'MELT TURBULENCE 

The move~ent of the melt surface can be seen in 
, 
Figure 6.2.4 as ~ndidated by the blur of the particles on the 

l '" • 

melt, surface,. It \t!as estimated tnat the surface was moving at 

2 mm p;r 1/500 second, (exposure time) in the vicini ty of t~~-, 

gas bubble eru,ption which causad the movernent in th! s instan'ce. 

~ 
A motor effect is generated in liquid metal which is 

, 1 1 1 

directly heated, :by~ an induction 'field'. In' the present 
, • '" e. 

appa~atus, thl~ effect was so great that the forces generàted 

by high power inputs on small malt masses physically lifted 

the liquid steel out of the crucible. 

, -
Figure,6.2. 7, shÇ>ws a sequence' from .a cine film of 

~ ; - , 
exper iment 6C in Which the melt depth was 2 cm 'and I:he furnace 

p'ower was 60 kW at the time the' photographs were taken. lt can 
- 1 

be seen that the Equid steel was levi ta teq out of- th'é 

crucible. Other photographs (not p~esented) 1 showed that the 

liquid then f~ll back .-ei ther into the liquid steel or onto the, 

crucible walls washin9 the ~a~ou~_whicb'had condensed onta the 
; .~, ' " 

crucibla walls back into the malt. - This example of condensate 
l ' 

refluxing occurred only ,in exper iments wi th very bigh mel t are.a 
, 

", 

li to ' volume ratios (apJtiox ima tely 40/m) , ie. , Exper lmen ts SA ta 
, ' ..... 

6C. 
r 

~ -. 

• . ' 
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.. 
A 

B 

.,. 
Figure 6.2.7. Ser ies of fràmes tak'en, ~rom a cine, film' (500 
frames per ieCOnd) showing typical behaviour of a shallow melt. 
Under the se conditions (2 cm depth, 50kW power ,input, . 
Exper l'ment C), liquid' métal is levi tated out of ,the the mel t ' 
to a heigh~ of 25 cm (top of photograph). After a number of ' 
such eruptions the entire melt had been splashed out df the 
'crucible (magnificatio~: X 0.2) • 1 
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j 6. 2.3 • :' GAS BUBBLE EVOLUTION 
t> 

Photographs-presented in this section were takeh from cine 
, 

films of an experiment in which large bubbl~s ~ormed on the 

melt surface and burst. 

The fi1ms l showed bubbles growing to a diameter of about la 
l , 

cm in about a tenth of a second. The last stages of' the growth 

of a bubble and'its rupture is presented ih Fi~ure 6.2.8. Dark 

spots where localized coo1ing occured are noticeab1e in the 

,sequenc_e. It can be seen that the bubble ruptured at the areas 

'of localized' cool~n9 on the top port,ion of the bubble surface. 

Bubbles also rUl?tured ,at the liquid m~tal - bubbl"e interface, 

1 0 bowever 1 ft was_ not clear which of these locations 
1 

predominated. ., 
A second sequence, Figure 6.2.9',âhows the .i"nduction / , f" furnace fz;om the side and was taken at 100 'frames per second 

- ~ 1 

thr~ugh t~e obsérvation port in 'the vacuum chambex door. On1y 

l~rge ,bubb1es which protruded above the level of the induction 
~ 1 1_ 

furnace are visible from this view. 'In this sequence, it can 

be s'een 't,hat ruptu~ first occurred- on tbe right 'hand side'. A 

"" \ s'econd 'rupture can be se en on tpe, to~ left hand side in t'he 

~eGo~d picture in the ~ries. 

, 
MeQsurements taken from the cine films showed that the, 

"'-
time for bu'bb1e ~upture and dissipation was about 0.012 

, 
seconds. The vèlume of thè bui';>b1e's was estimated to bé 100 to 

" 

, 500 cm3 and ,the formation ,frequency to""be ,about 4 per second. 
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A B 

c D 

E F 

G , H 

Figure 6.2.8. Sequence "of frames 0.002 seconds apart showing a 
bubb1e bursting at the melt-vaouum surface (1900 K, 7 pa 
chamber ~ pressure) '. Rupture of, the' metal film cover ing the 
bubble 13 seen to originate at dark spots (pèrhaps areas of 
thinning) on th~ bubble surface, frames D, E and H. The bubble 

'is thought ta be due to me1t boiling (magnification: X 0.2). 

/ , 

l , 
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A B 

c D 

E F 

Figure 6.2.9. Disintegration of a large bubble extençing above 
the level_of the, inductio~ furnace hou~~ng. Metal "droplets 

.formed, from, the ftlm of -metal or ~ginally èover ing 'the bubble 
are readily seen (magnification: X 0.2). 
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SECTION 6.3. METAL VAPOUR FLOW IN VACUUM 
, • cS 

Photographs presented in this section were taken through 

the obs'ervatian port in the chamber daor'. They show behavJ.our 

of material, which evaporared from the liquid steel under 

various conditions of pressure, melt temperature, surface • 

coverage and composition of ~he chàm~er a~mo~Phere. 
\ 
\ 

Chamber atmosphere which was initially clean argon (at 

about 1 atm.) became clouded with fume which evolved from the 

crucibl~ contents during heating and melt!ng the charge. The 

densityof this fume decreased ~s,the chamber was evacuated 

until the chamber gas space. was' completely transparent 

(Figure 6.3.1) in which slag fully covered the melt at the time 

o~ the photographe ,As ~ result, there was very little material 
\ 

èmanating "from the crucible. 

S,uperheating ,the ~elt under vacuum caused the surfa,ee film 

to dissipate anq leave clean melt surface free for evaporati?n. 

Fig~re 6.3.2 shQ~S streams of ~t~l vapeur evolving from'the r . 
parts of the melt sur,face which 'had cleared 'at the time this 

photograph was taken. When ~he surface was completely clearl 

the stream of metal vapour was uniform from ttie.whole surf~e 

(Fi,gures 6.3.3). These s1:rearn~ of vapeur were seen under 

normal vacuum distillation conditions. 

, ' 

.. 
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Figure 6.3.1. Interior of the. vacuum chamber wi'th eX'I1eriment 
in progress. The conditions at the time were: {il melt 
temperature = 1900 K, (ii) melt surface covered with slag and 
(~ii) chamber pressu~e = 5 pascals. The" fUDnace tilting 
mechanism can be seen at top center, the outlet' te the pùmps at 
center right, a thermocouple assembly in foreground and an 
addrtions shute at, center 1eft a The top of the indüctipn 
furnace housing is shown at lower foreground center., ~ 

Figure 6.3.2. Inter ior' of the chamber as i t was set up for 
runs without the outlet extension in place. Metal vapour is 
streaming from a smali p~tch of clear surface,on the right of 
the melt surface (melt t~mperature 1950 k, chamber ~ressure 
less than ,15 paqcals).' " ' , ~ 
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Figure ~. 3.3. flow of rnetal vapour whel1 the sur~face was clear , 
'of any fitm or slag. This form is typical of that observed 
during experimeots in which melt temperatures we~e over .1950 K 
and'- chamber pressure was' less than 15 pascals. This form of 
the ,vapour flow has been designated the 'EXTENDED MUSHROOM' • 

.... 

, . 

, . 

, ( 

• 
Figure 6.3.4. Metal .vapour flow had this form wl'fen (i) ch,arnber 
pressur e was apout 14 pascals, (il) the mel t sur face was fully 

'clear and (iii) there was a smail amount of air inleakage int,o 
the chamber. This 'shape of the metal vapour flow has been 
'designated the 'SHORT MUSHROOM'. It was an intermediate form 
to the (TALL MUSH!WOM' (Figure 6.3.5) and" the 'COMPRESSEQ 
MUSHROOM' (Figure 6.3.7). 
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At s1ight1y higher chamber pressures ~(about 14 'pas~a1s) the 

stream di9 not'réach the roof and a 'mushroom' shaped auroa 
, \., ... 

,~ormed (~i9Ure 6.3.4~. At an intermediate pressure the 

mushroom was taller but still did not reach the roof 

(Figure 6.3.5). At higher pressures (greater than 16 pascals), 

the mushroom was compressed below lip of and no 

longér visible. A di fferent: form of 'the met'a 

4seen at these ~ressures (Figure 6.3'.6). U flow w~s 

1:\ h , VJ 

The transition from tall mushroom to no mushroôm and back 

again is sho~n in Figures 6.3.7 ~nd 6.3.8. Figure 6 • .3.7 shows 

the compressiQnpof' 'the mushroom when a valve on the top of the . 
< ' 

°chamber was opened admitting a smaii flow of air i~tQ_ the 

~p~n9 system (raising cqamber pressure from 13 pascals ta 16 
1 

pascals). Figure 6.3.°8 shows the effect of~closing. the valve~-

, 
The flow of met~l vapour has the farm shawn in 

o 

1 

Figure 6.3.9 at much higher chamber pressures (- 1000 pascals). 

This photograph was taken1when there was no pumping. ~he 
,fi 

o 

material evolvlng a~ this high pressure formed'into stable 

vortices as it was remaved from the chamber when the pumps were 
, ' 

restarted (Figure 6.3.10). The materiai in the vortices was of 

a different nature to that observed close to the crucible at 
" 

Iower pressures~ however, they were observed to coexist 
• (Figure 6.3.11 - 15 pascals) • ~ 

, 
1 

<' " 
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, 
Figure 6.3.5. 'TALL MUSHROOM' vaporization mode. Me1t 
temperature was 1950 K and chamber pressure was t3 pascals. 

Figure 6.3.6. Form of vapo~r'flow at hi~he~ pressures, around 
16 pascals (melt temperature 1950 K). 
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A 
B 

c D 

E 
F 

G 
H 

Fig~re 6.3.7. The tall mushroorn type 0f metal,vapour È10w was 
compressed by ~light1y increasing the pressure in the c~amberm 
by injecting argon into the pumping system. • When it was 
compressed ful1y ie,., to below the r irn of the .. ~l ucible, a 
secondary forrn ,of ,the vapo,ur flow appeared, fr~e H. , Melt 
temperature WqS around 1950 K and charnber.,pressure increased 
from 13.pascals in the frame A to 16 pasçals when the mushroom 
becam~ fully compressed, frame H. 
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B 
A 
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E 

Figure 6.3.8. ~egeneration of the tall mushroorn as chamber 
pressure fell again when the small leak of a~gbn Was c1osed. 
The pressure dropped from 16 pascals in the first part of the 
sequénce to 13 pascals at the end. 
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Figure 6.3.9. Form of the vapour flow at very high chamber 
pressures, in this 'case 1000 pascals. Lazy upward motion of 
the vapour is e'vident. Of i-nterest are the bright droplets of 
steel which have splashed onto the gauze in the roof of the 
chamber (melt temperature 1950 K). 

Figure 6.3.10. Two forros of vapour flow. vortex type of flow 
can be seen funnelling do~n in~o the vacuum outlet and an 
'extended taii muslu;:oom type can be, seelJ. flowing from the 
crucible. .I t is thought that.Jcondensation occur s at the 
boundary of the mushroom and that the flow in the, vortex' is 
visible because of the presence of small drops of condensed 
vapour, (melt temperature around '1950 K and. chamber pressure 
about 15 pascals). 
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, 
In summary, the br igh~ orange mushroom type behaviour of ~ 

1 \ 

~he vapour f10w was not affec~ed by the lo~ation of the ~pin9 
, 1· ~ ~.... ~~ '\~ 

o~t1~t, ~pereas, the white vortex for~ing material was strongly 

influenced by l'ts posi tion. 
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" ÇHAPTER ~EVEN 

DISCUSSION 
.... _--------

i 

1 , . 
SECTION 7.1 INTRODUCTION 

The overall aim of this investigati<;)n wa's to determine 
, , 

rates, of solute e1imination from liquid steel. A second aim 

was to develop theoretical explanations fo~ the rates' and for 

. the effects of experimenta1 parameter~ -.on them. 

The foilowing discussion,restates 'the experimental resu~ts 
,1l\'- , 

and makes oompa~ ~sons b~tween the meas\red e1iminations and 

theoretically predicted 'eliminations. It then discusse~ the 

c limi tations of .the theoretlcal mOd'e1 and' extends rit to include 

a11 chamber p~ess\1re coridi tians. 

" . 
The ,visual observations, p-res~nted in the photographie 

studi~s chapte~ are ~hen reviewed with regard to an exp1anation 
, 

,of condensation phenomena occurring in the gas space. 

Finally, bubble bursting is dieussed briefly. 
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SECTION 1-.2. VACUUM ELIMINATION'RATES -

, Y' 
ei.imi~ation 

1'~'\'''~I>i'J. 

, The measured vacùum 
, ~ 

data are summarLzed in 

Figure 7.2.1 'which shows,melt composition as a function of 
• ' , t • 
v,?cu,um exposure time. The figure shows (i) that the initial 

~omposition of th~lts was in the range 1.0 to'0.7 wt,% 
1 •• '\ ' 

coppe~" 0.3 to 0~14 wt % tin, p.G to 0.003 ~t % manganese and, 
1 

0.05 to 0.005 wt ~ sulphu~, (ii) that the majority of 

exper imerits lasted 20 to 40 minutes and (iii) that the slope o,f 'J 
l ' 

wt % solute versus'time plo~s, decreases as initial solute 

concentration decreases. \The third ls ~ natural cons~uence of 

the,elirnination flux being dependant 
\ 

concentration (Equation 3.i~). 
\,' 

upon to solute , 

A more useful way, or representing vacuum distillation data 

15 to plot elimination as a percentage of the initial solute 

present at'thè èommencement of refining. ~ €igure 7.2.2 . 
represents elimination of each of 'the solutes in term~ ,of the , 

measured solute content in the final ~ample expressed as a 

percentage of the sOlut~ cO,ntent of the 'ini.tial sample.' The 

graphs show that in 30 minutes of vac'uum 'refining:' 40 to 90 % . 

of thé'" in,itial copper "fa ,to 75 % ,of the ini tial tin, 6Ç to +00 

% of the initi'al manganesé and 20 to 40 % of the initial 

sulphar is eli~ina te~ 
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previous pilot plant ,studies (26, 3l,33)_ me'asured copper 
\ 

elimination rates during vaduum, d~stillation' to be of the order 
• - \ ' 8 

, q -

of 20 % elimination in.30 minutes. This is considerably lower 
-than the 40 to 90 4 observed.in the present investigation. 

Three reasons are suggested for the lncrêased rates in the 

present wcr k: '" 

(a)' increased melt temperatures, 

(b) improved melt surface cleanliness, 

and, 

(c) reduced amount of conden~ate refluxing. 

The first of these increases the elimination rate by / , 

increaslng the equilibrium vapour pressure of the evaporating 
!I-- , q 

species. This increases the vapour pressure beneath the- , 

Langmuir plane and causes a resultant increase in the net f~ux 
. 

across the plane. The second and third were discovered during 
, 

visual observations of the experiments. Their retarding 

effects were seen to be a blocking 'of the evaporation for thé 

forme~ and a decreased net refining, flux in the latter. . 

The rates measured ln this study are the first pilot piant 
~ , 

, 
data which fulfil th;.J industr ial cr i ter ion that 8 O· % or more of 

the initial solute content be eliminated in 20 to 40 minutes. 
\ 

(This time ls suggested on the basis of avoiding excessive 

tempera:ure'loss from the steel during treatment) . 

Consequently, they are the ~irst data which conclusively ~. 

indicate that vacuum distillation can become a' viable 

.. 

. ' 
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indu'str ial process. 

In summary, i t can be seen that suffièie'ntly high vacuum 

distillation rates have been,measured on a scale meaningful to 

full scale industrial proeesses. This clears the w-ay for, , 
comprehensive steel scrap recycling with consequent loweri~g of . . 
,raw ma~erial,and energy demands for the steel industry. Table 

7.2.1 shows, the potent ial a~nual economic benef i t of these 

redpctions for the U.S.A. steel industry. 
1 

. 
Value copper recovered ! tonne scrap 

(0.5 % Cu at Can $2.5.0 ! kg,) 

Value tin recovered ! tonne scrap 
1 0 

'(0.2 % Sn at Can $20 / kg) 
J 

Savings (scr~p compared to pigiron) 

(Scrap - $60/tonne, P.i,.giron - $200!tonne) 
0 

TOTAL YEARLY BENIFI.T -~ 

(70,000,000 tonnes scrap replacement) 
y .. , 

" , 

Can' $1 .50 
, 

Can $40 

\ 

Can.$130 
-

, 

" . 
Can $13Billion 

• , 

·Tabie 7.2.1.' P~tential·annual economiê benefit for the United 
states steel industry assuming th~re is no accumulation of 
steel on the scra~ stockpile. 

," 
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SECTION 7.3. COMPARISION OF EXPERIMENTAL RESULTS WITH 

THEORETICAn PREDICTIONS 

A computer plog~am (Section 3.10) Dased on a proposed' 

model of vacuum distillation (Equation 3.22) was used to 
..... , , , V,f!~tI ;;. 

simulate vacuum distillation~nder conditions s1milar to those 

in each experiment of this study.-

:::. 
,For the simulation, values of the experimerttal parameters 

which are" input ta tà~ pragram to evaluate the ter ms 'in 

Equations 3.22a ta 3.22d are tho~e measured in'each case and 

presented in Section 5.2. 

1/1 j 

A compariso'n is fuade between (i) theoretically predicted 

and (ii) observed melt compo~ition ~ the time the final sample 
. 

·~\tlas taken. Figure 7.3.1 presents this comparison in the form 
- - ' 

. of a plot for each te element. 

Elimination was not simulated because of the 
J • 

uncerta~nty of its and acti~!ty coefficients 

at the the melts in this work. ~ 
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" Figure 7.3.1 shows that the agreement betweén the 
"-

theoretical p~edictions and the observed me~t composit~on is. 
r • 

~xcellent for -copper and tin, but, ~uite ,poor for manganese~ 
r ~ 1 / 

The exqellent agreement for coppei ànd tin indicat'es that the 
, ' 

... 
model accurately,repr,esents the· observed vacuum elimination and 

also 5u9gests that the sampling and analysis technique for both· 

was very sound. T,he poor agreem~nt for mqnganese is thought·to 

be the result of poor pr·ecision in manganese analys1s ~ben the 
.:. 

. , 
man~anese contents of the samples wer~ less than 0.01 wt .%. 

SECTION 7.4. : LIMITATIONS OF VACUUM DISTILLATION MODEJ 

, 7.4.1.: MASS TRANSFER IN THE LI9UID S,TEEL 

~ 

The -vacuum, disti,llation model expresses the net flux' frpm 

t'he 'bulk of the mel,t ta the conde~sation location on the basis 
... ,li '; 

of predlc.ted fluxes' (i) in the meit, (ii) aéro~s ~he ,Langmuir 
, / 1 

- plane and (iii) through· the gas space. "-

\'/ 
T.he Machlin model (35) which was used to r~pr.esent the­

-flux i,n tl1e liquid' metai assumes tha,t t,here 'is a -flow of .liquid 

trom the bulk of the melt to the surf~ce, radially outwards 
, 

across the surface t~ the melt edge and from ther: back to the 

bulk of thllfelt. This behaviour·was observed under ideal 

condi t.ionsl'l' ~ the prèsent ~xper iments, •. . \ 

" 

• 1 
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'However; the evolution of gas or v.apour bubb1es in the 
1 

~e1t (Section 6.2.3) severe1y disrupts tbis flow. A second 

f~c~or whi~h 'disiupts the i~ea1 flow is application ~f a large 

power' input to a sha110w me1t. As was shown in Figure 6.2.7, 

for l examp1e, 50 kw power input to a 2 cm deep me1t comp1ete1y , 

destroyed qny of the flow patterns suggested by Mach1in. _ ' 
'\ 

Fortunately, this was not the normal mode of operation and 
1 

there was se~,rani. mel t' bubb1~ng. Consequently, it ~J"pears that, \ 

in most cases~he Machlin mod~l suitably describes the liquid 
~ 

phase flux. 

, . 
~. 

7.4.2. MASS TRANSFER ACROSS THE LANGMUIR PLANE 
( 

" The concept of t'he Langmuir plane Immediately above the 
, \ , 

me1tsurface is based ,On atom~c ie., non.'empiric,a1,"theory. It 
.. 

is believed to_ accurat~ly represent the gas phase flux adjacent 
-

( ta. the 'liq~id surface as long as the malt surface area exposed ~ 

to vacuum is constant with time. 

i b 
'7.4.3. 'MASS TRANS FER THROUGH THE' GAS PHASE .-~ 

, \ 

.Further limitations of the'vaéuum distillation model May 

lie in the assumptions made in dev~loping a'n ~xp~ession for g~s 

phase mass transfer of"the evapoiated va~ur (Section 3~9) •. 
t 

.. , 'i 

.. ' 
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À qui~ ~lance at th~'photograph of the apparatus 

(Figure 4~3.2) sh~ws that the first assumption (gas space 
.... 

cross-section~l area constant and equal to the melt surface 

area) does not always hold. However, the maximum rates of 
1 

solute~elimination are attained when the vapour flow in the 

~ , 

'chamber çlearly reached thè chamber roof (ie., the extended 

~ushroom), Figure 6.3.3. It ca~ be see that the sideways 

expansion of the vapour' f~ow under these conditions is small 
, . 

compated to the vertical flow. Bence, the constant 'area 

assumptiq,p appears to be valid for predicting the gas ph'ase, 
-

flux under normal vacuum distillation conditions. 

[ 

The second assomption (isothermal system) ~s true under 
1 .' 

normal vacuum distillation conditions wh~n ~he 'vapour flow 

reaches the chamber raof before condensing. 
1 

The fourth assumption 

natural~consequence of the large dimensions of the apparatus. 

-
The last assumption (no generati,on or, c.onsumption of 

vapour i~ the gas sRace) is based on the,f~ct that the vapour 

. ' loses heat and condenses ,only at the condensation location. 
" 

", 
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In su~ary, it has been shown that under most of the 
-' 

exper imental candi t'ions of tMs work (normal vacuum 

(i) the Machlin expression 
• 

distillation conditions): 
. \ 

accurateJy' represents the 'flux in the melt phase,' (ii), the 

Langmuir plane theory accbrately represents the net flux 
• 1 

e~~porating and '(iii) the expression deve+oped'for the flux in ~ 

the gas phase reprèsents it,,,accuràtely.\ 

1 

- SECTION 7.5. EXTENSION OF VACUUM DISTILLATION MODEL 

f 

The vacuum distillation inodel was developèd' for normal, 

vacuum dist.iJ1la tion condi tions, ie.,' 'chan:tber pressure ls less 
$' 

than the sum of the equilibrium vapour pressures of the' 
. , 

evaporating species in ,the surface.' Under these conditions, 

the~e 15 a+ways Ci/ bulk ,flow of vapour away from the melt l-:, 
1 

surface tQ the condensation location. 
, 1 

, 
~ 

The model ëan be extended to app1y to 'all"CharnbeJ;' 

.pres~ures by rewriting, the expression, ·for the flux of , , 
\. • 0 ' 

evaporated vapour across.the gas space in its entirety: 

. . -

. , , 
ni, gas 

::; 

-D 

R.T 

ap., t __ a:.I.~.I._ 
3x 

+. v ' . 

" , 

p , 
i,x,t', 

.' 

.... 

~here all terms havelthe meanings defined in Equation 3.15. 

. , ' 
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,~ 

Equation' 1.2 was [use,d' ;0' ev~üuate the flux at flle 
, ' 

commencement 'of vacuum distillation for conditions given as an,' 
7 -,-

insert on Figure 7.5.1. This figure plots the predicted flux 
, J , 

against tne chamber pressure and shows that the flux becomes 
r _ \ ~ \ 

negligible et chamber pr~ssures çlose ~o the equilibr ium v,apour 
, , 

-pressure of-.'the mel t sur face'. This lS very close 'ta the 
t" 

'- ~re.diction of the or igiral model (flux equal to zero under 

thes_e conditions)~. conb,equentlY, it appears that the model 

accurately describes thè evapo~at±on p~~ess for all chamber 

pressu~es. 

J, 

,..... 
If) 6 

(\J /) 
I: 
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El 
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lJ 
~- q 

0 
0 
0 
0 3 - ,-

'1 X 

\ x 2 
::l 
...JI 
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cr. 
> 0, 

~ 0 20' 40 60 60 : 100 t20 140 150 180 200 J 
CHRMBER PRESSURE (PASCALS) .J 

Figure 7.5.1. \Evaporation flux evaluated at commencement of 
distillation under typical vacuum diatillationoconditions. The 
flux can be seen to be almost zero at chamber pres-sure 
'approximately equal to equilibrium vapour pressure of the melt' 
(120 pascals) ~ 

r 
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SECTIPN 7.6. : OISÇUSSION'OF PHOTOGRAPHIe STUDIES . \ -, , 

AJ.. signifieant' breakthroug,h in this work was, the 

.. " 'f l' h f f l experlmental practlc~/O e earlng t e melt sur ace 0 s ags or 
f 

films before beginning a quantitative refining experimen~. 
, . 

( \ 

This praetice,was adopte~ bec~use visual observations,showed 

elearly-that when the melt surfàee was eovered ~ith,slag 'ot 
, 

film there was Ivery li ttle vapour- evolution from the melt, 

~igure 6.~.l. It was the removal of t~e surface film that 

;. significantly increased eliminatlon rates in ,this ~tudy above 
, ;: _ 0 

those of similar studïes in. the same apparatus at similar melt 

teniperatures (18,28,30). Experilnent 9C was del,iberately 
-

carried' out with a film on the melt surface to c;.9nfirm or deny 

th!. behaviour.· The [esult was thit in 30 minu~es exposure ta' 

vacuum only 3 ~ of the jnitial eopper or tin was eliminated~ 

The photographie, studies also led to an understanding of 

the limitations ,of the Machli,n mod'el in 'descr ibing mel t phase 

mass transfer in 'sha1low melts at-high power in~uts. They also -
'III 

showed' that the assumption of constant plane area by' the 
- " \ 

Langm,uir plane theory is incorr'~ct when the m,lti/S bubbling or 

boiling. 

,1 
Perhaps the most useful application' of tne photographie' 

studies was,.in the development of the gas phase mass transf'er 

moqel. photographs under normal vacuum distillation conditions 
fi ' 

(Fig~res 6:3'~2 and 6.3.3), clear~y showed th~ vapour rushing' 
-

(from the crueible to the chamber roof and stimulated che ideas 
1 ... 1 ~ ~ 

~ - < ~. -.-

1 
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. ' 

,behind tl')e gas phase mass, transport mode.!. developéd in Section 

3.9. \ J 
( , .' 

'1 {. ~ 
\ '/1'~ • 1 

Figl.tres 6.3.4 and 6.3.5 show that the flow of vapour in ',\ 
\ ' . 

the gas space did not reach the roof'when chamber pressure was 

j u'st, slightly le~s than t;he equi libr ium vapour pr essure of the ' 

melt. 

ft is believed tha~ this behaviour is thé result of 

\r av'i ty slowing the upwards veloci ty of the vapour to ~ero. 
" ~ i, 

'1;'his is possible wh en its initial velocity ,is small enough, for . 
exarnple, lJss than 4.5 mis. , , 

Onder such circumstances, there would probably be 

homogene9us nucleation of very small droplets of liquid or· 
./ 

solid co~densate particles. or of metal, ox~de du.e to (i) the 

increased concentration of vapou~ atorns at the point the vapour 

'stops, (il) cool,lng of the vapour by'heat transfer to the 

non-condensible gas pr'esent at this ps;;>int (52-55) or, ,(iii) 
, ) / IL. 

. reaction witD oxygen which rnay have leaked into the chamber 
.a li" ~ ~ , 

, , 
" r-

Con'sequently, the -bound.ary that can be seen'" in the 

photographs is the plane at.which the vapour velocity away from 
, ' 

the melt surface has fallen'to zero and nucleation ol· . 
\ - ... 

, conden~ate or o,xiqe has occurr,ed. In terms of the overall 

pi-cture. of vacuum distillation, the transi,tion pressure ra,nge 

-in which,the flow,of vapeur was~seen to not extend all the way ... 

1 

J 

cr 

, 1 
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. 
to 'thè·, chamber 'W4~ qui te narrow, ie., +1-,2 paécals. 

Gravit~\does not reduce the elimination rate because the 

bulk velocity of,the vapour just "above the melt' surface is 
, \ l' ' ~ \' / 

/ 

unaltered. Homogeneoùs nucleation does not alter the validity 

of the model either, ,because, the assumptions made in Sect\on 

3.9 and discussed here app~y to the case of homogen,eously 
, 

condensin~apours as w~ll. They are 'also valid for the 

situation in which the ~apour reacts to form an oxide. 

" ' 

Figure 6.3.6 shows beautifully the form on the vapour flow 

when t;:he ch,amber pressure is highét than the equilibr ium vapeur 

pressure of the melt. It shows that t~ere is no rush of vapour 
, 

from the crucible and diffusion is the means of mass trànsfer 

in the gas ~pace. It can also be seen'that sidew~ys expansion 
, ' 

is, exaggerated compared to the low~r pressure photographs. 

Under éuch conditions'however, the refinipg rate ls quite 
, ,-

, 
smal!. Figurés 6.3.7 and 6.3.-8, show qui te clear 1y the 

transi tion back and forth, t'hr~u,gh the pressure ra~ge <? in which 

this behaviour was obseFved~ 

Photographs of the material evolving from the èrucible 

were also take'n at mu ch high chamber# pressure (= 1000 pascals 

Figure 6.3.9). The material in the gas space shown in this 

figure is' thQ~ght to be iron,' f~me forI,Ued by reaction wi tb' 

oxygen ~hich entered in the cha~ber as air inl~akage~ 

Although, the amount of material in the g~s space appears 
, 1 

considerable, the elimination rate,is negligible' bec~use its 

, .. 
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'" velocity' is very small compared that of the vapour under normal 

vacuum distillation conditions. 

The last part of the photographie' study to be discussed 

here is the melt bubbling shown tn Figures 6.2.8 and 6.2.9. 

The bubbles are believed ta be melt boi~ing whieh is possible 

when' the ~apour pressure of the liquid be~ow, the surface 

eKdeeds the statie préssuré at' tha~ point. This is the case, at 

very smail depths when there is a high concentration of hig~ly 

volatile 

the melt 

, 
impurities (0.5 wt% manganes! for example) , 

superheat is very .high (300~). 

~ 

or when 

The bubbles are thought not to be carbon monoxide as melt 

oKygen was low due to the aluminiurn,kil1ing at the commencement 

of the experiment. 

'" 
In the pho~o~raphs (Figure ~.2.8 B, E and H}, the bubbles 

;' 

can be seen to rupture at dark spots wh1ch 'grow and beeome 

darker on the film of metal, covering the bubbl~. These spots , 
',are' thought to be areas of' loealLzed èoolin-g' whieh possi-bly 

fi:eeze 'and fracture. Other 'unchang,ing dar~ spots on the bubble 

surface are possibly due ta r-e'flect'ion of the cha~ber' s 

interior or dirt in, the ,e'amerals opt'iesl path. 

Figute 6.2.9 is a sequence~of spèct*cular photographs 

showing th~, rupture and di~rsi~n, of 'a bubble from t,he side. 

It shows that, the ,film which was covering the bubb~e peeleq 'off 

in one direction and gavé ,the ~esultant droplets of steel 

.. 
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, trajectories in the sarne direction. 

In summary, the photographie studies have given invaluable 
o 

assistance ~o the understanding of th~ experimental pbenomena. 

o,Wi thout them, the work i'n this thesis would not have been as 

friui tftll as i t has been. " 
) 

,'Cl 

~ 

SECTION 7.7. . COMMENT ON THE USE OF RATE CONSTANTS . 

In previous studies (25,26,28-33), vacuum distillation 

data have be~n re~resented in the form of an average ra~e 
9 _ 

constant ~m/s) evaluated for the ,:time during which the me l't' 
_ 0 • 

composition was measured. In this study, however, it has been 
, r 

shown that the multiplier in the expression fOt the overall 

flux during vacuum distillat~on (Equation 3.22) is not constant 
, 

with respect to time and as ~ result the use of a rate constant 

is not suitable. Nevertheless, it is possible to evaluate a 
. 

pseudo rate constant by a nurner ical fit to the l1Ieasured' data 

(Appendix 3) ànd these ,values are reported' for each experiment 

on Figures 5.2.1 to 5.2.29.""-" 

The pseudo rate constant haS not been used because 
, , 

percentage elimination of initial solute content 'app~ars ta be 

more useful industrially and·exp~rimentally. 

l, 

i 

·l 
,1 
1 
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SECTION 7.8. FUTURE WORK, 

1 
Theoretical investigations which appear to be mO,st 

promising for the ~mmediate future are: 

Ca) a technolog ical 
• 

feasibility study'of applying " yacuum 
~ 

distillation to industr ial electric furnace practice, 

and, 

(b) an economic cost and benefit analysis of the process, 

while promis ing future industt: ial studies at:e: 1 

(c) full sca~e tests on Finkl-Mohr v,acuum units.(56)" 

and, 
o 

(b) pjlot sc ale tests on Ruhrstahl Hattingen vacuum 

degassing units (56). 

Cp 

.On a pilot plant scale, promising suggestions,for future . , 

investigations are: 

'!nd, 

- , 
(a) inert gas purging through the melt "to increase melt 

turbulence and perh4ps the bulk flow of gas away, from 

the liquid surface, 
'1 

(b) manganese and sulphur elimination, 
fi 

(c) vacuum distillation bf non~ferrous systems; for 

example, e'limination of arsenic, antimony 1 lead and . l ' 

bismuth from copper matte or blister copper, 

(d) vacuum distillation in dynamic systems in which the 

metal flows, from one container to anoth~r'" 

(e) continuous spray vacuum distillation. \ 

ts::&bJMJ. t; 
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, 

." 
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" CHAPTER E'IGHT 

CONCLUSIONS 
------------

Experiments have shown tha.~ 40 to 90 % of the. initial'; 
1 , 

'copper,' 30 to 75 % of the,initial tin, 60 to-100 % of the 
,-. 

ini tiaf. man9.anese and 20 to 40 % of the initial 'sulphur are 

eli~inated by 30 minutes of vacuum distillatio~. 

P '" f 

These resuI ts indicate tha't vac~um distillation can become 

a viable industrial process. 

!' • .. 
" 

,The elimina~ion rates measured in this study were' higher 
~ 0 ,d 

than tnose observed in previous studies. This iS,due to: 

,..J 

(a) higher melt temperatures, 

'(b) oleaner. ,~elt surfaces, 
f , 

(0) lesser degree of condensate reflulCing 

ànd, 

(d) 'lower chamber ,pressures 
.,) , 

:in ~e pres~nt experiments .'/ 
il' 

• 
A theoretioal model has been 'developed to describe vacuum 

11, " 1 

distil,lation elimination in terms o~x~s in the melt" ac~oss 
the ~an9muir plane. and through thergas space. The model 

'" 
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accurately prediets co~per and tin elimlnation but it is 

somewhat less"aceurate fo~ manganese and sulphur~ 

and, 

' . 
.,' 

Photographie s,tudie's showed' that: 
, , 

,(a) surface films oritically block eva~ration, 

(b) indùction sUr ring turQulence limi ts the applicabt'li ty , . ' 

of the Machlln iy;uc.tio,n st~rred melt mass transfer 

model, 

(c) melt bubbling limits the use Of the Lang.m~ir plane 
, 

tneory, 

(d) vapo~r \ flaw patterns are ',verY
1 
sensit~e ta r 

'pressures' when these pressures 'are· 

same as the me,lt !!q~ibri,um vapour 

, , 

( .-

' " 
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CHAPTER NINE 

CONTRIBUTION 

The following items are claimed as original contributions 

to knowledge: 

(a) a technique has been-developed to melt steel scrap 

under vacuum and attain a clean surface for 

evapor a tion, 

(b) techniques have been devel9ped for reproducible melt 

(c) 

'sampling and adcur ate temperature measurement without 

breaking 
,-~,~~ 

vacuum, 
1 

rates,,?f copper, tin, manganese and slllphur elimination 

by vacuum distillation have be~n measured and 

~echniques developed for maximizing the rates, i~ 
. , \ 

"par~icular:, (i) cleaner melt surfaces, (ii) h~gber 

mel,t temperatures ,a'nd" (iii); lesser dègree of condensed 
.~' 1 

va~ur réfluxing;~ 

Cd) a t~eoretical model describing ,the mechanism of vacuum 

distillation 'has.' beE!n developed b\1sed, upon (i) "lIelt 

, "' phase diffusion, (ii) evappr?tion across the La~gmuir 

> plane and (iii) c9nveè~ive mass transport in the 9as 

,pha~e and a precise correlation has been shown betwèeh 

(i) predict,ions of:the :theoretical model, (ii) 

quantitative' experimental measurernents an~ (iil) visual 

'\ 

, .' 

( 
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J 

observations, 

(a) a photographie racord of the ~ vacuum distill}1tiofl , , 
, 

proc4l? ~as been obtained, leading to 'a 

undé'j~standing of thé ptoeess, 

much ;.ulle!!·, 

l "'.~ 
(f), an avaluation' of t'he -PPte~~iàÏ':rola of ,v~c'uUm 

/1 

• 1 

distillation in ,the stae1makilt9 ~yc~e has ,be'an mare 

showirig that it will MOst 1ikelY ~ecome a common,and , , ' 

essential component of ~1ectric. ~teelmaking. 

J 
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APPENOIX ONE , . ------------
\ -

VACUUM DISTILLATION-SIMQLATION 

The f911owing'is a listing of the Fortran computer program ) 

which simulates vacuum .disti1lÇi.tion on' the basis of 
.. 

Equatio~ ~.22~ 

C -
C 
C 
C 
C 

REAL NCU,NSN,NMN,NFE,K1,K2,K3,K2CU,K2SNrK2~N, 
+K2FE,MCU,MSN,MMN,M~E,MM, 
-+CU(250) ,SN(250) ,MN(250) ,TI(250), 
+MNK~MNFIN 

, 
THE PROGRAM INTERACTIVELY REQUESTS INPUT INITIAL, DATA 

1 'WRITE (9,300) 
300 FORMAT(' ENTER THE DIFFUSION COEFF. IN LIQU10 STEEL(M2/S)!) 

READ(9,~)DLIQ 
WRITE(9,301) 

301 FORMAT('. ENTER THE VELOCITY OF'THE LIQUIO SURFACE (M/S) '), 
READ,(9,*)VELS 
WRITE(9,302) , 

.. ," 

302 FORMAT'(' ENTER M2LT TEMPERATURE (K), MASS (KG) AND' DIAMETER (M) 1 ) 

READ.( 9, *) T ,MM, CO 

C 
C 
C 

WR1TE(9,303) 
303 FORMAT (' ENTER ,CHAMBER PRESSUp (PASCALS) ') 

READ ( 9 , * ) PCH , ' ' 
WRITE (9,304) 

3,04 FORMAT (' ENTER WT% CU, WT% SN, WT% MN AND WT% FE 1 ) 

READ (9,,*) WTCO , WTSN , WTMN , W:TFE 

PROMPTING AS~S FOR A SIMULATION 'l'lME LESS THAN_25000(SE~S) 
-./ - ' 

- WRI'l'E (9, 305) , 
305 'FORMAT (1 ENT:e:R CALCULATION S'l'Q.PPING-- TlME (SECS) ,1 ) 

~AD(9,*)'l'ST9P , 
.' -,,~ ~' .. 

C 
C 

.C 

C 

'PROMPTING ASKS FOR ~ riIS~LAY T!ME LIMIT (~ CALC.STOP 'l'lME) 

WRI'l'E{9,306) 
,306 FORMAT (' ENTER OISPLAY STOPPING TIME (SECS) 1 ) 

READ(9,*)DST0P 

C PROMPTI~G ASKS IF ALL ,RESULTS ARE '1'0 BE ,P~INTED 

, 
" 

, 1 

,,' 
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1 

C 

c 
c 
c 
C 
C 

163 ,..: 

WRITE (9,308)' 
308 FORMATe' DO YOU WANT THE OISPLAY ,DEPRESSED ? 1 YES 

READ(9,*)IDSOPR 

VARIOUS YARIABLES ARE NOW INITIALLIZED OR COMPUTED 

307 MCU=6~.54 
MSN=118.69 
MMN=54.95 
MFE=55.85 
NCU=WTCU*1.228 
NSN=WTSN*0.657 
NMN=WTMN*1. 419 
NFE=WTFE*1.397 
OEN=7.8E3 
DEL'l'AT=10.0 
TlME=DELTAT. 
J=1 ' 
A=3.14159*CO*CO/4.0 

,VOL=MM/DEN 
K1=SQRT(8.0*DLIQ*VELS/(3.14159*(CD/~.O) », 
K2=SQRT(1.O/(2.0*3.14159*8.~14E3*T» 
K2CU~K2*SQRT(1.0/MCU) 
K2SN=K2*SQRT(1.0/MSN) 

, " K2MN=K2*SQRT (1. O/MMN) 
K2FE=K2*SQRT(1.0/MFE) 
poeU=EXP ( ( (-17 52.0/T) -0.5254 *ALOG (T) +15 .,334) ,* 2.303) 
POSN=EXP((-15500/T)+10.354)*2.303) 
P.OMN=EXP'( ( (-14 S20/T) -1. 311 * ALOG (T) +21.364) *2.303) 

1 POFE=E~P«(-197~O/T)-O.5515*ALOG(T)~15.394)*2.3d3) 
GAMACU~10.0 -
GAMASN=3.0 
GAMAMN=1.0 

-GAMAFE-I.O ) 
AeU=GAMAeu*poeU*MFE/OEN _ 1 

ASN=GAMAS~*POSN*MFE/DEN 
AMN=GAMAMN*POMN~MFE/DEN 
AFE=GAMAFE*POFE*MFE/DEN 

g :L 
, C AN INITIAL VALUE OF TOTAL FLUX.IS COMPUTEO ASSUMMING 

C ZERO GAS ,PHASE TRANSPORT RESISTANCE 
C 
C 

'C 
C 

'C 

, 1 , 

FleU-Neu/ ( (1/K1) +(1/ (K2CU*ACU»)-) 
F1SN=NSN/«1/K1)+(1/(K2SN*ASN») 
F1MN=NMN/«1/K1)+(1/(K2MN*AMN~» -
F1FE=NFE*K2Ft*AFE 
SIGF1=FICU+F1SN+F1MN+F1FE 
K3-SIGF1/pCH' 

ft 

LOOp ~ONTROL PARAMETERS ARE EVALUATED 

_ ... _~,~--.,l.-..,., -, ~ ...... __ ...,.~_, ...... 

1 

2 - NO'). 
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c 
.C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

'C 

ICSTOP=TSTOP!100 
ISTP=DSTOP/100 

1 

- 16'4 -

T~g TRU~ SIMULATION ~TARTS' ITERATIVELY 

DO 2pO I=l,ICSTOP 
, DO" 199 L=1,10 

.. 
, ,A FLUX 'FOR EACH SOLUTE lS CALCULATED 

c 

FCU=NCU/ C( 1/1(1) +( 1/ (K2CU*ACU) ) + (1/ (K3*ACU) ) ) 
FSN=NSN!«1!Kl)+(1!(K2SN*ASN»+(1/(K3*ASN») 
FMN=NMN/( (l/Kl) + (11 (K2MN*AMN) ) + (1/ (K3*AMN) ) ) 
FFE=NF'E/ ( (1/ (K2~E*AFE) ) + (1/(K3*AFE) ) ) 

U5ING THE EVALUATED FLUOES THE MELT COMPOSITION 
AND MASS 15 READJUSTED 

SIGV=(FCU*MCU+FSN*MSN+FMN*MMN+FFE*MFE)*A*DELTATiDEN 
SIGF=FCU+FSN+FMN+FFE 
NCU=«NCU*VOL)-(FCU*A*DELTAT»/(VOL-SIGV) 
NSN=«NSN*VOL)-(FSN*A*DELTAT»/(VOL-SIGV) 
NMN=(,NMN*VOL)-(FMN*A*DELTAT»/(VOL-SIGV) 
NFE=«NFE*VOL)-(FFE*A*DELTAT)/(VOL-SIGV) , 
WTCU=NCUj'1.224 
WTSN=NSN/O. 657 , 
WTMN=NMN/l.419 
WT.FE=NFE/l.397 
SIGWT=WTCU+WTSN+WTMN+WTFE 
SIGP=ACU*NCU+ASN*NSN+AMN*NMN+AFE*NFE 

C A NEW VALUE OF qAS PHASE RESISTANCE 18 EVALUATED 
C 

c 
C 
C 

K3=SIGF/PCH 
TlME=TlME+aELTAT 

19'9 CONTINUE 

OUTPU'1' IS CONTROLLEO' , 

IF(IDSDPR.EQ.l.ANO.I.GT.I.AND~I.LT.ISTP)GO TO 201 
IF(I.GT.ISTP.ANO.I.LT.ICSTOP)GO"TO 200' 
TM=TIME-10.0 
WRITE(9,100l)TM 
WRITE(9,1000)WTCU,WTSN,WTMN,WTFE 

1000 FORMAT (8E12 .'3) 
,1001 FORMAT('O',F10.0,FIO.2,E12.2) 

201. IF (1 .GT. ISTP) GO TO', 202 
C 
C 
C -
C, 

RESULTS~OF SIMULATIQN ARE STOREO FOR EVALUATION OF 
RATE CONSTANT~ AND REGRESSION CO~ICIE~S 

CU (1) =WTCÙ 
SN(I)=WTSN 
MN (1) =WTMN 

r " 
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, -TI (1) =TIME-10. 0 
202 IF(I.LT.ICSTOP)GO TO 200 

CUFIN-mCU 
, SNFIN=WTSN 

MNFIN-WTMN 
200 CONTINUE 

RESULTS ARE CONVERTED TO FOLLOWS 

1 
DO 50 1=1, 1STP , 

, \ CU ( 1) =ALOG (CU ( 1) ), 
SN(1)=ALOG(SN(I}) 

J 

,MN'( 1) =ALOG (MN (I) ) 
50 CONTINUE 

R1i:GRESSION VARIABLES ARE INITIALIZED ~ 

SX=O"O , , 
SXCU=O,O 
SXSN=O.O 
SXMN=O.O 
SXYCU=O.O 
SXYS~=O .0 
SXYMN=O.O 
SXXCU=O.O 

• SXXSN=O.O 
SXXMN=O .0 
SYY=O.O 
SY'=O.O J 

REGRESSION OF RESULTS TO EVALUA TE 

203 DO 500 I=l,ISTP 
qXYCU=SXYCU+CU(I}*TI(I) 

'SXYSN=SXYSN+SN(I)*TI(I) 
SXYMN=SXYMN+MN(I)*TI(I. 

-SXCU=SXCU+CU(I) • 
SXSN=SXSN+SN (1) 
SXMN-SXMN+MN (1) 
SXXCU=SXXCU+CU(I)~CU(I) 
SXXSN=SXXSN+SN(I)*SN(I) 
SXXMN-SXXMN+MN(I)*MN(I) 

. SY=SY+TI (1) 
SYY=SYY+(TI(I)*TI(I» 

500 CONTINUE 
TOPCU-SXYCU-(SXCU*SY/ISTP) 

1. 

, ,TOPSN=SXYSN- (SXSN*SY/ISTP) 
TOPMN=SXYMN-(SXMN*SY/ISTP) 
BOT=SYY-(SY*SY/ISTP) 
BOTCU-SXXCU-(SXCU*SXCU/ISTP) 

,BOTSN=SXfvN-CSXSN*SXSN/ISTP) 
BOTMN·SX -,(SX~SXMN/ISTP) 
CUR=TOPC *VOL/(B *A) , 
SNKaTOPSN~VOL/ (BOT )' 

, f 

, 

RATE CONSTANTS 
9 
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1996 

, 

MNK=TOPMN*VOL/(BOTJA) 
WRITE (9,1996) 
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FORMAT ( '0',' KCU KSN 

1999 
C 

WRITE(9,1000)CUK,SNK,MNK 
FORMATC'O' ,~E12.3) 

C 
.C 

C 
C 
C 

REGREpSION COEFFICIENTS" ARE ÈVALUATED 

RCU=SQRT«TOPCU*TOPCU)/~BOT*BOTCU) 
RSN=SQRT ( (TOPSN*TOPSN) 1 (BOT*BoTSN)') 
RMN=SQRT(~TOPMN*TOPMN)/(BOT*BOTMN» . 
WRITE (9,1995) 

1995 FORMAT('O',' REGRESSION COEFFICIENTS') 
WRITE (9, 1997)'RCU ,RSN, RMN 

1997 FORMAT(8E12.4) ~ 

A SECOND REGRESSION lS PERFQRMED 

iF(J.EQ.2)GO TO 2000 
J=J+1 

c , 

KMN') < 

1 

\ 

C ,. NEW REGRESSION VALUES ARE STORED IN THE COMPOSITION ARRAYS 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 

501 

00' 501,I=1,ISTP 
CU(I)=ALOG(EXP(CU(I»-GUFIN) 
SN(I)=ALOG(EXP(SN(I) )-SNFIN) 
MN(I) =ALOG(EXP (MN(I) )-MNFIN) 
CONTINUE 
GO TO 50 

," ) 

MORE CALCULATION 15 REQUESTEO AND THE .INPP'T FORMAT IS 
REQUESTED 

2000 WRITE(9,2001) 
2001 FORMAT('O',' MORE CALCULATION ? 1· YES 

READ(9,*)CAL 
2, -' NO' ) 

IF(CAL.EQ.2) STOP 
WRITE (9,200"2) 

200~ FORMAT('O',' ABBREVIAT, PROMPTING ? 1 - YES 
REAO(9,*}AP 1 

IF (AP • EQ • 1) GO TO 30 0 0 1 

, GO TO 1 " 

THE MOOIFIEO FORM OF THE DATA INPUT FOLLOWS'oQ 

3000 WRITE(9,3001) 
3001 FORMAT(' DIFF. COEFF? : SURF,VEL ') 

READ(9,*)OLIQ,VELS 
WRITE (9,3002') 

3002 FORMAT(' MELT T, MASS, DIAM. '1')' 
REAO(9,*)T,MM,CO 
WRITE (9,3005) 

3005 FORMAT(' PRESS. ?'} 
REAO(9,*)PCH 

1 

2 - .NO') 

, , 
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, WRITÈ ( 9 , 3003 ) 0 

30030 FORMAT (' MELT COMP. ?') - ' ~ 
RE'AD (9 , *) WTCU , WTSN , WTMN ;WTFE 
WRITE(9,3004) 

3004 FORMAT(' CALC. STOP TINE: DISP. STOP TIME ?'} 
READ'(9, *) TSTOP ,DSTOP . 
WRITE(9,3006) . 

a. 

300,6 FORMAT (' DISPLAY OEPRESSED ?') 
READ, (9, *) IQSo'PR 
GO TO 307 
END -

., , 
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APPEND:t:X TWO 
----'7----,..-

The fpllowing is a list of equiprnent, materials and tn,~ir 
4 

associated manafacturers and supp1iers. 

Furnace~ 150 k~, 3000 hz, 'Tocco' induction furnaee: coi1 
diameter., 35 cm~ maximum capaci ty, 180 kg steel. 

, Manufactured by 'Induetotherrn Inc., Rancocas, N.J,. 
Supp1ied'by Deltec Systems Inc., primrose'l PA. 
(Bankrupt) • ' '1 

Power Supply: Motor generator: 3000 hz, 150 kW, 800 V, 188 A. 
Manufactured by Re1iance Eleetrical; Cleveland, Ohio.' 
Supplied by Del~ee Systems Ine. 

Vacuum Chamber: Cylind.liical: volume, 2.25 m3; dimensions, 1.5 
m in diameter x 1.8 m in length. Manufactured and 
supplied by Deltec Systems Inc • . 

pumping System: two stages: 

a) Stoke' meçhanical pump (nominal capacity, 
0.142 m3 Sll) 

b) • Roots B10wer (nominal capacity, 0.614 ~3.s-l). 
The blower could only be aetivated at manifold 
pressures below 2.7 x 1~*3 pascal. 

t 

Supplied by De1tec Systems Inc. 

Pressure Measuring Devices: 

a) Standard "McLeod' gauge, 0 to 270 pascal. 

~ Supplied by Fischer Scientifie Co., Montreal, 
'Quebec. 

\ 
Temperature Measuring Deviees: 

1 

\ 

"a) Pt/Pt-13% Rh, 'Dip-Tip Type R' thermocouples ~ 
mounted on the temperature measurement prGbe. À' 
Manufactured and supplied by Leeds and Northrup, 
Elliport, \ PA. 

1 

b) digital vo1tmeter,. a to 200 mV ~ange~ 10\ rny 
1,i1;;, accur acy • \ 
~M.nufactured.and supplied, by John Fluke Mfg. Co. 
~nc., -Mississauga, Ontatio. 

T~"',,"':Hii<\! ~~~~,f~;::_~~7!f~:~f;_~~:~,..~,:!,,,, pJ~.,~. ~i:f-':'~~;;7.~·-. -. '-, . ...,..~ .. ,...._=_~~~~'r;!:-..~::' --



, 

( , 

\ 
I}, 

169 

- , 
Crucibles: "Hycor Alumina' , no~inal composition, wt. %: \ , 

1 

, . 
A1 20 3 88.3 T.i02 0.10· 

,; 
1 

Si02 11.2 1<2° 0.03 

Fe203 0.15 MgO 0.03 

Nao2 0.12 CaO 0;.02 
J 
1 

Manafactured ans supplied by Engineered Ceramic,s, . 
- Gil1iberts, Illinios. , .... 

Locarn Hispeed Camera: Model 50. Suppliee by Photographie 
Analys is Ltd., Toronto, 'Ontar io. 

p~rkin Elmer Flame Atomic Absorption Spectrometer .• 
Manufactured and supplied by Perkin Elmer, Norwalk, 
connect,,,ic~t • 

Baird Atomic Vacuum Spark Atomic Absorption 5pe9tr~meter. 
Manufactured and supplied by Baird A~omic, Boston, 
Mass. ,. 

Steel: 6 m x 4 tm x 4 cm1 hot rolled bar: A36 grade. supplier 
ana1ysis: C 0.17; Mn O,721.S 0.03; 5i 0.0391- P 
0.016. Steel supplied by A.E. Les1ie, Mon~real,' 

Steel: 

Copper: 

Quebec. ' 

5crap off-cuts ~rom Dept. of Metallurgical Engineering 
Workshop" McGill. University, MOhtreal, Q~ebec. 

Electrolytic tough pitch copper off-cuts. Copper 
supplied by Noranda Mines Ltd., Pointe Clâire, 
Quebec. 

Aluminium: Commercial grade ingots (25 grade). Aluminium 
? supplied by Alcan Limited, Montreal, Quebec. 

Graphi te: Commercial grade grapèri'te (od, machined to ,: 
specification. Graphite supplied by Union Catbide 
Ltd. 1 Lachin~, Quebec. • , 

, 

Gas: Commerical g~ade argon irt cylinders; éapacity 7 m3, 298 
K, 1 atm. Gas supplied by Welding Products Lt;d., 
Montreal, Quebec. '\ 

c 
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APPENDIX THREE 
---,--------"!'--

RATE CONSTANTS 

l ' , 

A pseudo' rate constant ma~ he evaluated for experimentally 

measured vacuum distillation data by assuming that, ,for the 

time the mel t composi tian was measured, 'the proportiailali ty 
l' /---"'\ 

constant in Equation 3'.22 is constant wi th respect ta tilDe, 

ie. , 

.s.. , , 
',l1i = n' , 1 

i/b ...... A.l 

where, K is constant with respect ta time. 

Equation A.l can then. be rearr'anged and integrated. to 

yeild: 
- \ 

1 
, '. 

" [n." ] A 
ln _!L,!!n§!! __ = 'Ki . t ..... A.2 

, , 1 

'v ni, j;,rlitial , 

, - , 
where, A/V'is the area ta volume ratio of the melt. 

Equation \A .. 2 shows tlfat K can be determined from the 

slope of the best fitting straight line plotted through the 

- natural logari thm of melt composition ,versus time. 
1 j 

\ 


