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ABSTRACT * e ,

. Pilot plant scale experiments (15-60 kg melt mass; 1870 «
2020 K; 3 - 16 pascals) havé shown that:

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

= s

' (b) 30 to 75 % of initial tin,

. « * (c) 60 to 100 % of initial manganese

.

and,

(d) 20 to 40 % of initial sulphur | .

-2

can be eliminated in 30 minutes of vacuum distillation. These

.

elimination rates indicate that refinin§ of scrap steel'by

vacuum distillation is a viable industrial process.

The elimination rates obtained in this work are
con§iderab1y better than Ehose Ef previous pilot plant scale
“studies. The impfovement is due to the higher melt
temperatures, cleaner melt surfaces and lesser degree of

v ‘condensate refluxing of this wogﬁ.

4

A theoretical model has been developed t© describe vacuum

distillatifon in terms of melt phase mass transport, evaporation

.at the melt surface and gas phase mass transport. The model
prgdicts that refining of steel will be rapid as long as

. pressure in the vacuum chamber is less than the total vapour
pressure of the liquid surface. Similarly, it predicts

negligible rates of elimination at higher chamber pressures. -
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Both of these predlctlons are conflrmed quantltatlvely by
(;? the experlments and gqualitatively by photographs of the vapour
H flow in the vacuum chamber. They indicate that‘metal vapour
| . L .

streams rapidly from the melt surface when ¢ amber pressure is

p . less than surface vapour pressure, and ;hat,%lt flows slowly
l .
away at -higher 'chamber pressures. ‘
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Les expériences précedentes effectufes 3 grande échelle
(15-60 kg de masse fondue; 1870-2020 k; 3-16 Pascals) ont
démontré que: - - |
. ]a) 40 3 90 % Qu cuivre initial,
(b) 30 & 75 % de 1'&tain initial,
(c) 60 3 100 % du manganése ;nitial,

et

(d) 20 3 40 % du soufre initial

peuvent &tre &liminés en 30 minutes de distillation sous vide.

Ces pourcentages d”'élimination indiquent gue le raffinage de

: | -
la feraille par distillation sous vide est un procé&dé indus-

-+

triel efficace.

~

b

Les pourcentages d'élimination obtenus Fans ce travail,:

Pl - - \/
sont considérablement plus &levé&s que ceux obtenus dans les

expériences précédehtes. Cette amélioration est attribuée
i une température de fusion plus é&levée, 3 une propreté plus
grande de la surface du bain de fusion et un degré moindre de

reflux condensé pendant 1'expérience.

2

Un mod8le théorique a &té deéveloppé pour décrire la

distillation sous vide en terme de transport de masse en phase

3
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liquide, d'évaporation & la surface .du bain de fusion et de‘
transport de masse en pﬁase gazeuse. Le mod&le prédit que le
raffinage de l'acier sera d'autant plus raplde que la pression
de la thambre sous vide sera 1nfer1eure a la pressxon de vapeur

totale de la surface liquide du bain de fusion.

D'une fagon indentique, il pré&dit un pourcentage d'élimi-
nation négligeable pour une pression-plus 8levée dans la

chambre sous vide. N

Ces deux pré&dictions sont confirmées antitativement par
les expériences et qualitativement par des| photographies de

1'8vaporation dans la chambre sous vide. 1ls indigquent gque !

1'évaporation du métal s'effectue rapidement de la surface
l

bain de fusion lorsque la pression de la chambre sous vide est,

inférieure 3 la pression de vapeur de cette surface,

L |
s'effectue lentement pour une plus haute presgsion de la chambre:

Py
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CHAPTER ONE .

°

INTRODUCTIQMNs - -

- - -

SECTION 1.1-: GENERAL .

The ste€l industry has developed a general goal of o
reducing eﬁcrgx,anc resource _consumption as a consequence of
rising costs of energy and diminishing supplies of raw

materials. One means of attaining thls goal is by lncreaSLng

the utilization of scrap steel

A factor which limits the quantity of steel scrap which
can be recycled'is the residual element content of the scrap,
specifically the levels of copper and tin. The development and
implementation of a process which can remove this copper and
tin from the steel cycle would fulfil the demands of both

producer and consumer by removing an 1mportant restrlctlon on

the quantity of steel scrap which can be recycled
. \ )

It will be shown that one such process is. vacuum
distillation of melted steel scrap.. This process removes
copper and tin from the lquld steel and it may prov1de the key
which will unlock the barrier to]comprehen31ve scrap

utilization.
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SECTION 1.2 : THE THESIS ) ﬁ\ig& g

LI N

&
The first part of this thesis examines the steelmaking
cycle with particular emphasis on the recycling of scrap séeel.

It reviews previous evaluatiéng of potential methods for

-

increasing scrap utilization and concludes that- vacuum

distillation is the most promising possibility.

@ \

Previous wvacuum distillation studies ére then sumnarized
and a new theoretical model of vacuum distillation of liquid

steel is:developed.

Experimental measurements of copper, tin, manganese and
sulphur elimination rates during vacuum distillétionwafe
described and evaluated. A comparison between the predié;ed
theoretical elimination and the experimantally observed vacuum

distillation rates is made.

e
—

Photoéraphs of me%gljgapoﬁf’fig; in vacuumi‘gas bubble
eruption under vaeﬂﬁﬁ/;nd violgnt }nduétion stirring turbulence

resented to give visual meaning to the experiments and the
manner in which the photographic)observations‘relate to the

theoratical model is discussed.

Ay

"
. .
O/ }

Finally, future work is sﬁggested and conclusions are -

4

formed:,
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BACKGROUND

S o — — - -

SECTION 2.l. : THE STEEL CYCLE

~

Q

\ Figure 2.1.1 shows the flow of iron units around the three
major processes and operations which make up the steel cycle.
Iron units énter the cycle as pig iron whilst they are bled out
in the form of steel which is never recy;leq, for exampie,
steel that has, been uged in bridges, dams etc. There exists a
relatively fast flow of iron units between the stéelworks and
fabricators in the form of 'tied' and 'home' scrap. Also,

there exists .a longer. term flow of iron units around the whole ‘

production/consumption~cybl£‘in the form Bf,fobsolete' scrap. .
- ?

*

b | ‘
Fiqure 2.1.2 shows typical iron unit flows for 1978 in the

U.SwA.(l). It can be seen that 70 million tonnes of.pig i:on,"'

30 million tonnes of scrap from the scrap stockpile and 50

W
«

.mi;lion tonnes of home and tied scrap went into steelmaking
processes such as open hearth, BOF and-electric furnace
steelmaking, These operations produéed 40 million tonnes of
‘home scrap whicﬁ was immediately recycled and 110 million

tonnes of raw steel which continued.on to fabxi&étion.

4
~
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_PIG IRON |
' PREHED?UCED PELLETS SCRAP STOCKP”,"E

- g 0
STEELMRKING Hj |

L | o ‘]] | - semee
‘ FABRICATION |

TIED SCRAP

’ CONSUMER
. BE%%L’@J RECYCLED

0BSOLETE SCRAP .

, |
v '

Fi‘gur'e 2.1.1. ‘The steel cycle shc;wing the flow of iron units‘
the steelmaking, product fabrication and consumption- operations
making up the cycle (1).

/
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Figure 2.1.2. The iron unit flow cycle showing metric tonnages
of iron units flowing between operations and the scrap
stockpile. The values are for the United States of America for

1978 (1). T
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Fabrication methods such as rolling, pressing and punching
inaﬁvertently produced 10 million tonnes of tied scrap which
‘waé also directly iecycleq. The remaining 100 million tonnes
of finished product ‘went to consumers. About 30 million tonnes
of this consumﬁtion wen {{5@0 in applications such as bridges,
dams, roads ‘and consequently, it is not likely to be recycled
in the foreseeable fipture. The balance of thé finished product
(70 million tonnes) will find its way onto the scrap stockpile.
in a relatively small number of years, for example, ld years

i

for automobiles and 19 years for railroad stock (2). In 1978,

the scrap stockpile contained an estiminated 700 million tonnes-

(1) og iron and from this stockpile 30 million tonnes of
selected steel scrap, low in copper and tin, were recycled in

that year.
PO . " «

In 1978, 70 million tonnes of pig iron input weﬁe balanced
‘Sy 30 million tonnes not recycleq and 40 million (tonnes
' accumulated on th; srcap stockpile. It can be seen that for a
steady.consumppion of steel any increase in scrap utilization
wili di%ebtly reduce the pig iron input. Scrap utilization
could be incréfsed to-70 million tonnes a year while
maintaining a steady level of scrap étockpile. The result
would be an equiy;lent‘reduction in pig irod consumption. This
"would contribute significantly towards lowering eneréy and raw
material consumption, and thereby, achieve the general goal of

o

the steel industry. This is‘shown in table 2.1.1.

Eatiaatd B R IS S KU ¥ e e s e b i e b 2 = g g
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Blast furnace, Electric furnace
4 B.O.FQ -
" L4 ..
Raw materials 1.5 tonnes ore 1.2 tonnes sc;aﬁ'
consumed, . 0.5 tonnes carbon
/tonne Fe 21%10> m> blast
Energy ‘ 6.4 mJoules 1.3 mJoules r
rgquired, N ’
/tonne Fe ’
. - _ Energy savings, ' 4x108 mJoules i
/year (mainly in the form of carbon)
> v " ‘
| 1
il /v
Table 2.1.1. Raw material and Energy requirements for (i)

blast furnace - BOF (30% scrap charge) steel making, and (ii),
electric furnace (100% scrap charge) steelmaking (3). .
Estimated yearly energy saving for the U.S.A. is also shown.

5 C -

-

T YR s e o

oy e e A e e Ay R et o -
7 M - e - I fow ¥l W

e - [ P
. -

e
bt e gy b frmeeeBaa v [



SECTION 2.2. ': COPPER AND TIN IN STEEL AND SCRAPJ, \
| ..

Copper and tip enter the steel cycle in fabrication
processes which prepare steel for use by consumers. Both
aelements maysbe in the form of massive metallic aaditions
(example dopper wirg and tin solder), in thé form of coatings .-
(tin plate), or dissolved in the steel (in high copper
corrosion resistant“alloys)r Table 2.2.1 shows copper and tin

concentrations in various types of steel scrap.. . .%

~ - °
o

¢

ELEMENT No.l Heavy Melting No.2 Bundle
Scrap s Scr;p
Cu 0.06 - 0.36 ’ 0.34 - 0.74
Ni 0.02 - 0.13 0.08 - 0.15
Cr X 0.0 -fo!os . 0.02 - 0.06
Mo 0.01 - 0,05 NA
Sn ' 0.006 - 0.019 0.0 -~ 0.14
) 8 ‘ 0.021 - 0.054 0.045 - 0.064
-Fe . 99% + 73 - 84 )
4

Figure 2.2.1. Residual element concentration range in two
grades of -steel scrap (4). No.l heavy melting scrap is usually
home scrap and No.2 bundle scrap is' generally purchased
obsolete scrap. The latter has a_cost of about 1/3 to 1/2 that
of No.l heavy melting scrap. \
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Once copper and tin enter the steel cycle, they are not
eliminated during oxidation steelmaking because of their .high
oxidation potential with respect to iron. Consequently, théy
contaminate newly produced steel. This steel is then further
contaminated during thé fabrication process before being put
into service by consumers. At the end of its useful life, mbst
of this steel finds its way to the scrap stockpile and, as a

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

as scrap, the copper and tin levels in steel will rise over the

v

years.unless corrective action is taken.

To date, the action has been to not recycle poor quaiity
(high Cu, Sn) steel scrap in the United Stages and Canada.
This corrective action has not been used to such a great extent
in the United Kingdom due to 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 shown in
Figure 2.2.1. This figure is testimony to the North American
producers containing the situation to date, but as pressure
develops 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 developed which
will'eliminate copper and tin from the steel cycle,

Another significant point demonstrated by Figure 2,2.1 is,
tpe difference in residual copper content in steel according to

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

steelmaking furnaces typically use 100% steel scrap charge, and -

e Sl A
D e
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consequently, the copper concentrations of the steel they
(:5 produce is appreciably higher than that produced by the open

hearth or basic oxygen steelmaking furnaces.
|

¢

Copper and tin in steel are of great concern. Thei
presehce in steel can cause serious problems of edge“and

\
_surface cracking due to copper penetrating the

ain boundaries:
during hot rolling of ingot cast steel (8-l This problem is
N _ so severe that i% has been given the n ‘copper hot

shortness'.

S

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 developed.
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Figure 2.2.1. Residual copper in steel over the last 30 years
(5-7). 1In U.S.A. steels, the residual copper content gemained
roughly constant in the period 1950 to 1962, whéreas, 1in the
period 1970 to 1974 the residual copper in British steel rose
dramatically. A low level of low gr&de scrap utilization is
responsible for the U.S.A. experience, and conversely, a high
level of low grade scrap utilization was responsible for the .

experience of the British.

In each case, the levels of scpap .

utilization are a reflection of economic pressures at play in

that country.
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SECTION 74.3. : PROCESSES FOR REMOVING COPPER AND TIN FROM THE

i STEEL CYCLE
/ ’ , - .

Massive metallic copper and tin alibys are curreiitly
removed from steel scrap by shred@ing andom;gnetic separation
(20). This method'does not eliminate copper -and tin which is
physically c?mbined with the scrap, either as coatings, or as
contaminates dissolved in the scrap steel. A’pilot plant study
of heating steel scrap to a temperature between the melting
point.of copper and iron (21) ie., preferential melting
overcame the problem of bondeé copper and tin. This process

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

further investiéated because (i) the separation was poor and *

(Li) it does not overcome the problem of Hissolved residuals. *

N

Any other physical method of scrap processing, such as heavy

‘ media“separation of shredded scrap automobiles, has the same

drawEack of not’removing impurities dissolved in the steel.

a

~

N
Copper can be elimina&ed from liquid steel by treatment
;ith sodium sulphéte (22,23)ﬂ Copper in the liquid metal
cqmbine; with sulphur td form the sulphide, and then, enters
éhe slag while carbon monoxide and sodium vapour are evolved
from the melt. Upfortunately, the steel picks up sulphur, Ebe
rate of reaction is low and the process does not remove tin.

Due to these deficiencies, research on the process was

abandoned after extensive investigations in the 1960's.

O
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(% An alternative process for removing copper and tin from
; liquid steel is vacuum distillation. 1In this operation, impure
liquid steel is exposed to vacuum which enhances the °o \
. o 5 s .

evaporation of volatile solutes such as copper, tin and

a

ﬁanganese. The industrial technqlog& for producing the
required vacuum lével; exists. The costs of producing the i
vacuum levels required for vacuum distilllation refining are
expected to be about the same as those for wvacuum degassing.<
" . .
In summary, this survey of the art reveals that vacuum
distillationnref%ning of liquid steel appears to be the only
" » Mmethod which has potential industrial application for \
elim{nating copper and tin from the steel cycle. As the
previous sect%on indicated that electric furgace steelmaking \
I

utilizes the largest amount of low grade scrap, it is concluded

that vacuum distillation will find most acceptance with these

>

producers. ’ ’




CHAPTER THREE -8

VACUUM DISTILLATION -

—— — v " —— V" o — - ——

SECTION 3.1 : INTRODUCTION

2
-

Vacuumr distillation of liquid stgel is a process in which
a bath or Etream of liquid steel is exposed to vacuum in the
rangé 1l to 15 pascais. Distillagion is most rapid (i) at high
melt, superheats, (ii) when the surféce of the'liquid steel is
clean frée féom slags or films and-(iii; when the vapour which

. ‘ .- @ .
evolves from the melt flows without resistance to condensation

-

sites remote from the liguid meta;:

e

> 1
LS o \ ~

SECTION 3.2 : PREVIOUS STUDIES -

-
@ T 4 S
¢

Previous studles (24-33) on vacuui distillation of-liguid
- steeiﬁhﬁﬁg, W{Eh one’exception, been cﬁyductea‘op syﬁtems in
which molten' steel was containedmin crucibles., The one
exceptién‘yas a levitation study of eli ation of copper from

., very, small drops (28).

¢

&

v
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. Table 3.2.1 summarizes previous work on vacuum
(:i distillation of liquid steel to remove copper and ;in. The
“ bench scale studies (21,22,24-27,29) consistently attainédl
sufficiently high elimination rates for the process to be ‘a o
* viable industria; oéeratiop. However, theopiiot plant scale
feasiﬁility studies‘(23,28,30) showed that vacuum distillation

would not be a viable processw’becauge, 90 to 150 minutes were,fzg§9y

‘feduired to eliminate 80% of the copper and tin from the liquid .

A

steel, For this reason, the present study was initiated with

the goal to discover the causes for these low rates and to
< ,r\
investigate means of achieving appreciably higher rates.

o

LR
The following sections of this chapter comment on previous

_.-models which ﬁerg developed for vacuum distillation of liquid
steel, Expressions for maximum rates and for rates of vacuum
distillation into imperfect vAcuums follow. The last sections

present a model fgr vacuum distillation and a numerical method

¢ £
o

for its simulation.

4
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4 - o
) , » ) N Chamber { Melt Area Copper Aconcentration Process L3
/ volume | tass | Volume | Initial Final | Time Elimination

Investigator Year ?:\R‘g"* —em™t 3 ) min
g1y 24 1959 1073} o 0.5 0.32 0.01 90 99’
olette {23! 56T =2 | o.5 0.1 0.12 0.001| 40 100
wara (26) 1963 15 |12 0.08 1.0 0.1 | 120 "90
Fischer {27 1964 1073 | o3 | o.s 0.17 <o.001| <s0 100
Wardlzaj 1966 1073 | o.001] 5 0.55 0. | 0.2 80
ohno (29 1968 1073 | 015 | 0.6 1.0 0.1 15 | 90
Fischer (%) 1974 NA 5 0.11 1.9 0.1 50 ‘95
Salomon(3l) ’ b
De-Friedberg 1976 3 26 0.08 0.5 0.1 | 150 80 -
Ohno 32 1977 107 | oas | 06 1 0.3 |/ 1s 85"
‘Harrig(3Y 1979 1 22 0.1 2.0 0.1 180 95

s e et AT AR St s

B

-

Table 3.2.1.A. Suﬁmaty of previous vacuum distillation studies

showing COPPER elimination,

&

- ‘ \
.
- o ¢ n
Chamber Melt Area Tin cohcentration Process |. %
Volume Mass Volume Initial Final Time Elimination .
Investigator Year m3 kg cim-1 ¥ ¥ 'f‘f}n '
a111 (24 1959 1073 0.1 0.3 0.04 0.005 90 90 .
s . | olecte!?s! 1961 1073 0.5 0.1 0.12. | o0.001. 40 100 "1
Fischer (27 1964 1072 |‘0.03 | 0.5 0.88 0.15 60 85
“, | onno 2% c1968 | 1070 | 0.157| 0.6 0.95 0.30 15 70
« L] ]
° d s R

RS .

Table 3.2.L.B. Summary of previous v

showing TIN elimination.

i

acuum distillation studies




. SECTION 3.3. & VACUUM DISTILLATION OF LIQUID STEEL - THEORY
Ward described the transfer of solute atoms from the bulk

®
of 1ligquid steel to a remote condensation site in terms of a six

step process (26):
b

v
‘(5) transport of a solute atom through the melt to the
neighbourhood of the free metal surface,
(b) transport of the atom acfoss a non~turbulen£ boundary
i%yer to the free metal surface,
(c) evaporation of .the atom, : ‘ \
(d) tranébort of th?%ﬁtom across ;—stggnant bou;dary layer
on the gas side‘of the free metal surfacen.
(e) transport of the atom through the gas phase to a
condensation site, ‘
and

(f) condensation of the atom.

f> Later work (34).showed that not all of yardfé steps are
required to develop a vacuum distillation model. Three stgés

fully describe the mechanism of vacuum distillation:

(a) t;ansport‘bf a solute atom across a non-turbulent
boundary layer in thé liquid to the free metal surface,
_\‘ .(b) evaporation of the atom, .
and . ' . ' e

| (c) tnaﬁgport of the atom‘in the gas phase away from the

~" free metal surface. SR ,
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(~ “ SECTION 3.4. : MASS TRANSFER TO THE LIQUﬁ) STEEL SURFACE
. P . < oo
‘ Maéhlin (55) modelled mass transfer of soluté efements
from the bulk meltlto the liquid steel suyrface during vacuﬁm
distillation by applying surface renewal theory. Davenport,'
- , Wakelin and Bradshaw (36) developed a similar model which also
\preéictéd the change in bulk solute concentration with réspect
to time. The resglting eipressien for phe flux of solute atoms

to the surface is:

. 8Dv 1/2 . B
e S A I e | R 1 |
; Tr
-~ ;
) : .
where: ) ‘
Byt = molar £lux of solute atoms of sPecies i to the
, surface, kgmole/m2.s oo

nj'' = concentration of solute ele&en;, kgmolés/m3. .
b,s = bulk and surface respectively - -

D D = solute diffusion coefficiént; m2/s :f"j;;h”"J
v = melt surface velocity, m/s ’
r = melt rad%us,‘m. )

Use of this expgéssion as part of an overall model for \
predicting solute eliminatién requires that D, v and r be ‘
known. The melt rad{us is known or can be quickly ﬁeasugeé and ',;
the diffusion coefficient, D, i's known quite accurately for -

(j5 most métqllurgicél systems (¢ 1 x 10**-8 m2/s for metallic /

solutes in liquid steel (35)).




\ N .,19‘-7 ' : L}i 1

’ , i .
) ' ' {
¢ , L /

The velocity of the melt surface, v, is less well known
. ' y, + e ‘
and -not easily measured. It has two contributing components,

natural convection and induction stirring. P

- Natural convection is caused by cooling at the crucible

walls and by radiation from the melt surface. Any additional

contribution to convection caused by cooliag due to evéporation

at the surface is thought to be insignificant.

3

¥
+

\

In%uéiion stirring gives rise to a réd{al melt‘surface
velgg{ty. Irons (37) measured t?isEVelocity by‘éraphite‘tracer
techniques and found it to be about 0.2 m/s for an induction
melting furnace identical to the unit used in the present
study. Induction sti;ring increases as furnace power input
increases. Szekely (38), for ‘'example, reported a two fold
increase in 9véragermetg surface velocity witﬁ a ipﬁr fPld

increase in furnace power input on a 12 tonne inductively

k

stirred melt.

R
L

£

-/

due to evaporation of surface active solutes which increases

A further S;hponent_of the melt surface velocity may be

melt surface turbulence, and in turn, alters the magpitude of
y i P

, the sur face velocity (39). This effect is also thought to be

‘quite small, \ . SR .

.
- -
v * ’ .
* r . - N -
v . F 1
: SR
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' SECTION 3.5, : EVAPORATION

Evaporation is the transition of atoms from the liquid
s;ate to the gaseous state. It is the response qf the system
attempting to at;éin an equilibrium d}stribution of atoms‘
between;thoselin the liquid surface and those in the vapour
phase above it. The transition from the liquid to the gaseous

state is extremely rapid.. Consequently, the concentration of

b

atoms in a very thin layer of space immediately above the
~ liquid surface is always very nearly in equilibrium with the /-

liquid surface.

\ . -

¥ -

i The gaseous atoms in this thin layer have translational

velocities and if they-are not restricted in any way to this
. . '
region ie., if there exists a perfect vacuum above the surface, ;

they will flow out of the surface at a rate predicted by the !
Hertz~-Knudsen-Langmuir expression (40—44)£ l

1 LN

» \ .
q, x . |1/2 ,
g/ = =EeS. ‘ . _ 3.2
* f v 2. 7.m Tttt TR
i
\ .
) where: = ‘
q!’ = atom flux of evaporating species away from the
1 liquid surface, atom/m2.s
(9./V) = atom concentration of evapoiatéd species i at the
1 surface, atom/m3 . C
N [N
(“3 k = boltzman's constant, 1.3805 x 10**-23 jpules/atom.X
- T = temperatute of the vapour, K
m, = atom mass, kg/atom ! ’

: f

PR . s y o 4,
JEUOPI PR S [US N N .
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This-equation specifies the flux of atoms across a unit
: ] )
plane in space when (i) there is a gas of  a particular atomic
density on one side of the plane and (ii) a perfect vacuum on

the other side of the plane. e L ‘

-~

*
&

In the case of evaporation from a liquid metal surface, ‘
the .density of the gﬁ% in the layér of space immediately
adjacent to the liquid metal (below the"Laﬁgmuir plane') is
very nearly in equilibrium with the liquid metal. The
concentration of this gas can be bbtained froﬁ measured values

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

ideal gas law (45): -

L] - ¢ r
?i'-'--s. -— —S;LE— R 3.3
\% k. T p )
‘ /
whe%ei\ ’ oo ‘ *
(q,/V) = equilibrium atomic concentration of gaseous
° i species i at the Surface, atom/m3
P, = equilibrium vapour pressure of species i in thé
1 surface, pascals
k = Boltzman's constant, 1.3805 x 10**-23
a ) joules/fatom.K

3
']

temperatufe, K

i
kS
- . ¢

Combining Equation 3.2 and 3.3, the atom flux from a

liquid metal surface into a perfect vacuum is given by the

- (3

expression: -

3 A pek T —
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(where the terms have the meanings defined in the above two
equations). )

:

‘This equation can be rewritten (making its application

e

simpler) in terms of (i) a molar flux of evaporating atoms,
(ii) the equilibrium vapour pressure of the pure species and
(iii) , the molar concentration of the species in the liquid

surface, ie.:

3.
J ﬁir = I&-Ei_nﬁ_’ . ........} ..... H veee 3.5°
. Pr 2.Tr.Mi.R.T ) .
where: )
ne = ﬁolar flux of species i evaporating, ggmélg/mz.s

]
. s
!
n{" = molar concentration of species 1 in the surface,

kgmole/m3 , .
.+. = Raoultian activity¢coefficient of species i in the
1 liquid surface‘=’y.,the Raocultian activity
coefficient at inflnite dilution of species i
”P? = equilibrium vapour pressure of pure species i,
L pascals
bib = molar mass of bulk material in the surface = molar
' mass of iron, ¥ 55.9 kg/kgmole
°p = density of bulx'material in the surface = density
. - of liquid iron, = 7.8 x 10**3 kg/m3
Mi. = molar mass of evaporatihg species i, kg/kgmole
R = gas constant; 8.314'x 10**3 joules/kgmole.K
T . = temperature, K “

[V o ad s st e s A5 ¢ e L - e e e wm . IR

1
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(?' This is the form of the Hertz-Knudsen-Langmuir expression
” ' as it is usually presented (25,26,29,31-33). It predict§ the
molar flux of atoms of species i evaporating from a liquid

. .
surface; at certain temperature and particular molar

concentration of species i in the surface.

( ;(’:\ l ' ’ ' ’
SECTION 3.6. : COMBINED LIQUID PHASE TﬁANSPORI AND EVAPORATION

Equatiohs 3.1 and 3.5 can he combined to give an
expression for the rate of vacuum disgillation when there is

* resistance to transport from melt diffusion and evaporation.

LR oo

' This overall expression has the form:

'y

"' e @ v 3'6

where:
N ﬁ%‘ = total molar flux, kg moles/m2.s
. K, = overall rate constant, m/s
n'! = molar concentration of species i in the bulk
3 i/b liquid phase, kg moles/m3

A
. e e N 3 zZ .
TR e 2 :m e 6T 7 T e T, -—.M?rm-rwu - —




The overall rate constant as defined by Equation 3.6 can
. ' . " 4 ®

be obtained by combining the rate constants for each step,

e

Equations 3.1 and 3.5 ie.,

1

- .. ) *e v e 3.‘7

whene:-AMJ
Ky = overall rate constant for vacuum distillation, m/s
K1 = ,melt phase rate’constant = (SDV/ﬂr)i , m/s (Eqn.
» '311) . ] to . %
K24y ' = evaporation rate constant = (1/2TM,RT)* , m/s
(Egn. 3.5)
v, = constant =, (YinMb/ab) + kg.m2/kgmole.s2
i . ) ,

Equation 3.7 can be used to predict the maximum
theoretical rate of solute elimination by vacuﬁm disfil;ation.
The maximum rd#te can be attained only when there is no return
of atoms to the liéuid steel, ie., when the gas space behaves
as a perfect vacuum. In'practice, vabuﬁm distillation pressure
levé;s are never guite tﬁis'low} and as a result, there, is
always some small resistance to atom transport in the gas

phase, This is described in the next section.

. . @

¢

o

NFLS
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SECTION 3.7. : EVAPORATION INTO AN IMPERFECT VACUUM

k4

e

The |(flow of a gas in a system may be characterized by the
f;equehcy of interactions between the gas atoms or molecules.
When there is an eéxXtremely low probability of atom/atom
collisicns, the{flow is said to be 'molecular' and under such "
citcumstances the atoms‘move in straight paths until ;hey‘migt
some bounding surface (46). Under these conditions, the
magimum rate of distillation should be observed as there is

s

very little chance of atom/atom collisions bduncing atoms back

into the 1liguid.

When there are many atom/atom collisions in the gas, the

flow is called 'viscous' and the ga;'demonstrates
characteristics of gases at normal pressures (46). Under these
conditions, atom/atom collisions in the vicinity of the liquid
can cause atoms to be bounced back into the liquid or they can

N .
cause them to coalesce (if they have cooled sufficiently) into

‘tiny droﬁlets whiéh/may fall back into the liquid. The return

of atoms or very small droplets to the liquid can be envisaged
as a gashof?a certain pressure over the liquid, ie., a back

pressure of the evéporating species.

The flux of ataoms back into the ligquid can be obtaiged—by

applying the Hertz-Knudsen-Langmuir expression. The plane

in space is immediately above the liquid surface and the source

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

atoms_fue to the back pressure is then:

&
o
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where all terms have the meanings previously defined.
Consequently the net flux of atoms across this plgie in

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

o

t ’ . . ‘ + , 1

-3

‘@ ] — ¢ - bp - K2 Y ! s e 3-9
Ryt o= (P, 8 By o :
3
|
T where: ’
ﬂi' = net molar flux SWay from -the liquid surface,
moles/m2.s N
p¢ = equlllbrlun vapour pressure of species i in the
) 1 surface, pascals /
P?p = back pressure of species i at the gas side of the
1 liquid surface, pascals
Kzi = évaporation rate constant, m/s

Equation‘3.9 is the form of the equation previously
presented (29,31-33) and it can be applied to all evaporating

species in the liquid metal surface.

In real terms, Equation 3.9 predicts a flux of vapour
across the Langpuir plane away from the liquid surface whenever
the back pressure is less than the equilibrium vapour pressure
of the surface. The back pressdre of a particular species is

the result of the inability of the evaporated atoms of that

Y e
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.o

(T species to move away from the liquid metal surface, ie., gas . )
® \/
phase mass transport resistance. : ”%&
~ ! °

.w‘gﬁf/,/ The next section examines the concentration profiles of

the atoms present in the gas space above the melt surface. 1t f
also develops a quantitative model for predicting the flux of

‘the evaporating species away from the melt surface.

er

E

- SECTION 3.8, : GAS PHASE MASS TRANSPORT. -
Mass transport across the gas space during vazuum
distillation involves convective flow and diffusion of the
’ various species present in the vacuum cpamber.' Figure 3.8.1 g .
schematically depicts the ‘concentration profiles of the \
metallic vapours evolving from the melt as well as that. for

¥ argon whicq is assumed to be the only non-condensible species

-

present in the chamber. ‘

Py

Anemimien gl Lrte b e e megym e e—m———— % 7 PRS- PN z
. . - - — WMALS 1 et Sedye MG Ty i
33 3

vt A



he RS St Trs

%,

PEUN

-

. B
P ' -
veo 7,28 -
B ) .
2
. -
o ]
~ 1T s . * . ,
. g 3 -0 N
/ Py L\\\
» s . A N,
| ' / \\\
L~ N
I T e Chamber Pressure \
. / : ‘—\o “
- NN
o A a O T >
Ll e 1% CY o
1 I 4] K 0 .
Q 4 N -
{ et
| ,U .l \';N
I 4 L E ’
) 4 5 ) @
. S
r | N N
M
LE 7! rﬁﬂ
T 4) I
(A A | N o
yl N N -
/: \ L b
e
~"1) Langmuir plane c
' f . N A
- (u T
. ot Iy
] | “y N O
e < NN —
& o

! ) ‘ .
Fxgure 3. 8 l. chematic diagram of vapour pressures in the
reglon between t liquid metal surface and the condefisation
site., Pressure profiles for both the evaporating vapour and
argon are drawn, They demonstrate the very low value for the
argon pressure at the liquid surface. At chamber pressures
less than the total equilibrium partial pressure, there is a
bulk flow of eyvaporating vapour away from the liquid ,surface

towards the condensatlon site.
( (-]

» .
, To obtain an expression for the fluxes of the various
1
;

vapour species across the gas space, it is necessary to make
five assumptions gnd to establish the boundary conditions for
the system. \The asumpéions are: (i) the‘cross-sectional area
of the‘gas space is constant and equal to the surface area of
the liqgid metal, (ii)_the temperature throughout the gas 'space
iétunikorm and equal to the melt tempefature,b(iii) all

evaporated atoms which reach the condensation location condense

immediately, (iv) the tétél pressure is roughly constant

-

1]
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" everywhere above\the Langmuir plane (Section 3.7) and (v) there

is no consumption or genération of vapour spé;iés‘iﬂ the gas
épace:
‘ . |
- The first assumption is made to place a simpiifying
constraint-on the geometry of the syétem. The second
assumption enables dooling of the vapour to be neglecfed until
it reaches the condensation location, at which po&nt, the

\

evaporated vapours cool and condense, from assumption (iii).
The fourth assumptia;'is valid because, in systems having large
dimensions (for example 2 m as in the present case), and
operating at pressures in the range of the present experiments
(ie., 3 to 100,000 pascals) there is no gossibility of pressure
gradients within the chamber. The final assumpti?n implies

that all evaporation takes place at the liquid surface, and

that, all condensation takes place at the condensa:ion.site,,

g

0
The boundary conditions for argon are (i) at x = s, (the
condensation location) the pféssure of argon is equal to the
total chamber pres;ure (frbﬁ the Ehigd and fourth assuﬁpéions)
at all time, and (ii), at x = 0, the flux of%grgon is zero at

all time because theﬂargon is insoluble in liguid steel.

.

¥

: . &
Fick's first law (47) can be used to express the .value of

|
various fluxes in terms of diffusion and cgnvection of the
atoms present at a given position and timeY For the case of

argon, Fick's first law is:
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where:
n'' ‘ = flux of argon in the gas space, kgmole/m2.s
Ar,X,t ’ { .
D = diffusion coefficient of argon in metal vapour,

m2/s
(

6PAr,x,t/5x = pressure gradient of argon, pascals/m -
v = velocity of’bulk flow, m/s
R . = gaé constant, 8.314 x 10%*3 joules/kgmoie.K
- N b ol
T = temperature, K o
t: = 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 particular point and the accumulation of argon at

. that same point, ie.: \

P PAerLt .’Y-
T LT 7 W ,
R, T X R.T e . 1 3D
___________ e = e -BEEE 3,11
ra ox } R.T ot

where €ge left hand'51de is the 'change of the flux in the x
direction at a partlcular x and t, and, the right hand side‘is
the rate of change in the concentratlon w1th respect~to time at

the same X and t.

¥ ’ . .
The consumption/generation term which appears in the

complete form of the equation of continuity (48a) has been

i
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dropped from the expression‘bn the basis of assumptiph v,

@

Under vacuum distillation conditions, the rate of change

of argon préssure at any particular location is very .small with

—

respect to time.and its term can also be dropped from the

expression. As a result, the equation can be rewritten as:

.\aPAerLt = v P ‘e ae s e 3-12

D . - - -

X p

¢ :
where all terms have the meanings defined in Equation 3.10.

@

In Equation 3,12, the velocity of the bulk flow is the

- only term which has yet to be defined precisely. Intuitively

it can be seen, that when chamber pressure is less than sum ofy
the equilibrium vapour pressures of the species present in the

liquid surface (the general mode of vacuum distillation

A

operation), thére will be a flux of.each species across the
Langmuir plane; Equation 3.9. The evaborating species move
away from the liquid surface ;y convection and diffusion. It
is this convection of evaporating vapours away from the .liquid
surface which is responsible for the bulk flow. An egdation
for, the velocity of the bulk flow is presentqf shortly, -

The pressure profile for argon across the gas space

(Figure 3.8.1) can be developed precisely as a function of x

A

and the bulk velocity by solving Equation 3.12 with
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PAr;xlt ‘ Pch .| e ) N e & & 0 3.13

The value of s is.gbout one meter in the experimental
apparatus used in this investigation and the value of the argon - 0
diffusion coefficient at %0 pascals is about 0.6 m2/s (48b). -
Using these vélues, Equation 3,13 shows that the préssure of

‘argon is neéligible across ‘the gas space for all values of x,
]

almost up to the value of s, whenever the bulk gas velocity is

greater than zero, ie., vacuum distillation conditions.

demonstrated in the next few paragraphs.

Equation 3.13 indigates that at any particular time,
pressure of argon is negligible for almost all x less Ehan s
under the nogmal conditions of vacuum distillation. This means
that, the pressure of evaporated species which make up tbeL
balance of‘the chamber pressiire must be roughly equal to : '
chamber pressure across the gas space. Consequeqt;y, pressure
of the_evaporated dpecies must be rnghly constant across the

gas space. Therefore, the bulk velbcity of evaporating vapour

can be obtained quite precisely by considering the net flux of

.
! . §

»
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vapour across the Langmuir plahe, and the tctal pressyre of ,the

vapours (from the conservation of mass equation at constant

~
L.

pressure (49)) ie.:

th’ . R.T

v = ; __,_‘-...__.... s e o0 3 014
Pch
where: .
v = bulk velociiy, m/s ' -
.tﬁi' = sum of the flux of all evaporating species, .
kgmole/m2.s
Py "= chamber pressure, pascals \
R = gas constant, 8. 314 X 10**3 joules/kgmole.K
T = temperature, K

o

Equation 3.14 shows that’the bnlﬁ velocity of vapour away
from the . ‘liquid steel surface is a function of the total net

flux crossing the Langmulr plane. i : N

- The value of the bulk veiocity is a maximum at

commencement of refining, at which time, there is the largest
flux of vapour away from the liquid ‘surface. It has a minimum
value equal to zero, when the chamber pressure exceeds the

total equilibzium vapour pressire of the liquid suréace (no

bulk flow), or it has a minimum value given by the Elux of iron .
vapour when chamber pressure is less than ehe equilibrium

. vapour pressure of iron (all other volatile eolutes having been

eliminated from 'the melt),




Now, the expression for the bulk velocity can be '

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

particular species of metal vapour (47) le.:

3 © =D 3P, v .
__ilzlz 4 = P ' KRR 3.15

R.T Ix RT

2r —
— o

' ni,x,t

wuere'all terms have the meanings previously defined.

a

The diffusive term in Equation 3.15 can be dropped because
pressure of evaporating species is roughly constant across the

gas'space.

, (' ' ‘Therefore, flux of mé%al vapour across E?e gas space can

be written as: : _ E

v . [ 3-16

The vapour pressure of species i is constant for all x
¢

-~ across the gas space at any particular time. As a result, its

_value must be equal to its back pressure just above the

Langmuir plane. This, and the substitution Of Equation 3,14 -
3 8 -

(“ “for the bulk velocity, give the final form of the expression
P ]
” for the flux of species i across the gas space at that

\
particular time: \ ) ) .
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Equation 3.17 is used as part of an overall ﬁodel for

vacuum distillation which is presented ip the next section.

o .

. \
1 ’ é
. | \ .

SECTION 3.9. : COMBINED MELT PHASE MASS TRANSPORT, EVAPORATION

AND GAS PHASE MASS TRANSPORT
1 .
;

Equations 3.1, 3.9 and 3.17 can be rewritten and combined

to give an' overall expression for the rate of vacuum

distillation refining as follows:

f

J x

R ! : « ¥ \
Equation 3.1 gives: - ,
s ¢

. P!
- rerr _é‘g YT 3-18
Equation 3.9 gives: . ‘ B -
’ re ¢ - .bp 2 )
ﬁi,‘evap Iszi . (Pi,s Pi ) T e ene 3019
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"As there is negligible accumulation of vapour in the gas
space, the flux of atoms to the liquid steel surface is at all

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

Langmuir plane and to.the flux of atoms away from the liquid )///
metal in the gas phase, ie.: ’ . ///
» ‘ /
' 1z = rer = 71 ! . /3/
;} » ﬁi,melt 1"i{,evap 1ﬁi,t,gas ‘ e .21

Lo

i

2

‘Equation 3.21 can be used to combine Equations 3.18, 3.19

~

and 3.20 to give an overail expression for the flux of solute

atoms from the melt in terms of the bulk concentration of

©

- solute atoms. The resulting expression is:
0! . . ’

¥
| -1
. , - ni'y 3.22
ﬁl ! T - - + - o o + —m————— - i’b .o .
. i,t X1l '{li.KZi ‘Yi-K3
‘ ) ; ¢
3
where: b .
2 N
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1 1/2 |
K2i = | messessoe—— . ....(3.22b
: 2.‘1r.Mi.R.T : -
oy
K3 = -5-1.— .....3.220'
Pch,
.P, .M ' ‘
‘P = Z-j-_—l'—-h ‘» 06; 3.22d
i .
°p

Equation 3.22 is a.new model for vacuum distillation
refining. In this model} K1 (the melt phase mass transport
raté coefficient) is a function of (i) the diffusion
coefficient of metallic solute atoms in liquid steel, (ii) the
velocity of the liquid steel surface during induction heating
and (iii) the radius of the melt surface, Equation 3.i. K2,

(the evaporation rate EBefficient) is a function of the

o

molecular mass of the evaporating species and.the temperature

!
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of the Langmuir plane, Equation 3.9, K3 (the gas phase rate
coefflclent) is a function of the total flux evaporating from
the llquld steel surface and the total pressure of thewvacuum
chamber,!Equatlon 3.19.‘ has the value defined by Equation

3.24d and is fixed when K2 is fixed.

. -
o

K3 ié not constant with respect to time. It is directly
propoétional to the bulk vapour velocity away from the liquid
surface. As a result, it decreases from a maximum Walue at the
commencement of the vacuum distillation when\;hefé is a large
flux of vapour across the Langmuir plane to a minimum value
when all of the volatile solutes have been eliminated from the
melt, at which time, the flux of vapour across the Langmuir
plane i% mainly that of iron vap&ur. As K3 is dependent on

’t%me,‘it is not possible to findva simple analytical. solution
to Equation 3.22. Tﬁerefore, for Equation 3.22 to be applied

i

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, mahganese
d iron as a function of time under various conditions of
’;/gf;ulated vacuum distillation nefining.u The next section
présents the details of the computer- program which simulates

vacuum distillation and suggests an optimum operating range for

vacuum distillation refining based on the model described by

Equation 3,22,
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SECTION 3.10. : COMPUTER SIMULATION OF VACUUM DISTILLATION

REFINING

s +
.
4

The computer program described in th%s section simulates -
vacuum distillation by iteratively calculating melt composition‘
on the basis of the flux of material away from the mglt{
Equatlon 3.22, The values of all constant parameters appearing
in Equation 3.22a to 3.22d are stored within the’ program,
while, the values of the other variable parameters need to be
supplied for each simulation by the operator. A complete list
of the variable parameters appears on‘Figure 3.10.1 along with

« }b 1 . , .
values of the parameters during a typical vacuum distillation

" experiment. N

o

- The computer program simulates vacuum distillation by

first calculatlng the flux from the melt surface for the

initial conditions, assuming there is a perfect“vaouum, ie.,
Equation 3.5. It uses this value of flux to calculate an
tqitial value for the gas phase mass transport rate coefficient
(Equation 3.22c¢). The program then calculates the flux of"
metal vapour- for the initial time interval (Equétion 3.22), and
uélng the melt area, calculates individual an total masses
evaporating during that interval. These values are utlllzed to
7

calculate the change in the melt volume which 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




) :

calculates a flux for the next time interwval on the basis of
the melt. composition at this time, and, the flux during the
previous time interval, ie., for the gas phase rate

~coefficient.

The program continues iteration in this manner until some
predetermined simulation time elapses. This method assumes
that the magnitude of the flux does no; change very much from
one time interval to the next. Accuracy of this assumption Qas |
checked by trying various iteration time intervals. Time
intervals of 10 seconds or less gave consistent predictions Qf
the final melt composition, and as a result, the program

employs a 10 second iteration interval for the simulation. A -

listing of the program appears in Appendix 1. .

The computer prograg}output is successive, 100 second
#interval predictions of the bulk liquid composition. Figure
3.10.1 is a plot of the simulation when the input variables
have the'vaiues shown on the figuré.
A factorial screening test was performed using the
. computer model to simulate vacuum distillation réfining. fhe
parameters which were found to effect the simulated elimination A

rate are listed belpw in decreasing crder of effect: .

- 8
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‘melt afea to volume ratio.
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(a) melt diameter (0.1 to 0.4 m), ~

(b) meit mass (15 to 60 kg), | -

(c) melt temperature. (1850 to 2000 K),’

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

(e) velocity of the melt surface (0.05 fo 0.5 m/s)y .

(£) diffusion coefficient in riguid steel (5 x 10**-9 to

5 & 10%*=8), S

Y

and s

(g) melt composition (0.1 to 1.0 wt% Cu, Sn, or Mn),

The first two parameters effect the elimination rate by

simply altering the\geometry of the melt, thereby, changing the

5

[

?he remaining importani exéerimental variables are }gin
melt temperature, chamber pressure and the velocity Qf the melé
surface (as the diffusion coefficient is fixed) . The effects
o; these variables are demonstrated on Figures 3.10.1 to
3.10.7. They indiéate that the best operating range of
controllable variables is (i) melt temperature 1956 ~ 2050 K

and (ii) chamber pressure 1 go’lo pascals. -
e | : P
The- effect of melt 65mposition, with réspect to a certain
starg}ng level of a pafticularcelement; was very small for tqe
range simulated in the above factorial test. However, changing
the initial manganese conceﬁtration from 0,1 to 5 wt%, does in
fact, lower the copper- concentration at six thousand seconds of

&
simulated vacuum distillation, Figure 3.10.7.
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The comppter program was also used to .calculate the bulk
The result

*

velocity of the wvaporizing spec1es (Equatlon 3.14).
it confﬁrms that the assumptlon

is presented in Figure 3.10.8.
‘of, bulk velocity always greater than zero (Section 3.9), 1is

»

Ny

; , . )
valid for normal vacuum digstillation conditions.
s ‘ N
\

L4

the remaindér of this thesis

°

Primed with this informatiorm
oo
covers “the exper1mental study of pilot plant .scale vacuum

distillation and makes comparison between measured experlmental

¥

results and predictions of the éomputer model developed here,

o

4
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Figure 3.10.1. Computer simulation of copper concentration in
liquid steel during vacuum distillation. Inset shows values of

the parameters taken for this bgse case.
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Figure 3.10.2. Computer simulation of copper concentration in
liquid steel during vacuum distillation showing ‘the effect of-
chariging melt radius. Values of all other parameters are the
same as for the base case, Figure 3.10.1. ~
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Figure 3.10.3. Computer simulation of 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 m case, Figure 3.10.1.
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Computer simulation of copperi concentration -in

liquid steel during vacuum distillation showing the effect of
changing melt temperature, Values of all other parameters are
the same as.for the base case, Figure 3.10.1.
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Figure 3,10.5. Computer simulézibﬂNQQVcopper_concentration in
liquid steel during vacium distillation showing the effect of
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'changing chamber pressure. Values of all other parameters.are

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
liquid steel during vacuum distillation showing the effect of
changing melt surface velocity or the diffusion coefficient of
the solute atoms in liquid ‘steel. Values of all other
parameters are the same as for the base case, Figure 3.10.l.
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Figure 3.10.7. Computer simulation of copper concentration in
liquid steel during vacuum distillation showing the effect of
changing initial manganesé concentration. Values of all other
parameters are the same as for the base case, Figure 3.10.1.

e
B . * “~
]




B L TG
e wpry i v et e o s = aan - s g it - s

3

$0.00  70.00°

$0.00

P g
VX1t
10.00 40.00

20.00

10.00

.00 10.00 20,00 30.00°  40.00 50.00 60,00

.00

' ‘  TIME(SECONDS) X 10mw=2

Figure 3.10.8. Computer simulation of bulk vapour 'velocity
during vacuum distillation.. Values of all parameters are %he
same as for the base case, Figure 3.10.1. o
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- ‘ CHAPTER FOUR

EXPERIMENTAL
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I

SECTION 4.1. : INTRODUCTION

Tne principal aim of the experimental program was to
measu{e rates of copper , tin, manganesf and sulphur elimination
from liquid steel when it is exposed to vacuum. Copper and tin
elimination were studied by adding metallic copper and tin to
the 1iqqid steel without breaking vacuum, This was followed| by
melt sampling at regular intervals. Later, these samples were
chemically analysed. Manganese and sulphur elimination were
studied simultaneously with the cbpper and tin elimination,
however, neither was added to the quuid steel and their

initial conceftrations were. thpse of the steel charge.

-1 . l

T '

Gas phase and melt surface behaviour were studied by cine
‘ | N -

and still frame photography of the melt suiface»andxgas space

above the crucible. The>tesmlting films;greatly aided in |

understanding the quantitative experimental results.
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: EXPERIMENTAL VARIABLES

i

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

&

experimental variables influence the rate of residual element

elimination by vacuum distillation:

(a)
(b)
(e)
(d)
(e)
(f)
(9)
(h)
(1)
(3)
(k)
and |

(1)

melt temperature,

pressure of the vacuum chamber,

‘melt area to volume ratio,

initial res{dual’element concentration,
melt - oxygen content,

melt sulphur content,

slag on the melt surface, ,
pumping rates of the vacuum pumps,

inert gas bubbling,

[

. b
distance from melt surface to condensation site,
. .

inert gas jetting,

location of the vacuum outlet.

7

The importance of the first three parameters has been

' shown in the previous chapter, and as a rasult, considerable

effort was invested to ensure that values of these parameters

-

were known accurately throughout the experimental

investigation.

s

PRy ———
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Of the remaining parameters, only g, (surface slags) was
considered to cause a potentially large)reduct}on in the

elimination rate and, as a result, experimental procedure was

established with this in mind. ’ ,

k)

The parameters which were contro;jyd during the

experimental investigation were:

{a) melt temperature,
(b) melt area to volume ratio,

°

(c) chamber pressure

&

(d) location of cutlet from the .chamber to the vacuum

4

pumps.

.

A

- The ranges of- these éaxameters were:
MELT TEMPERATURE: -k\' \
1780 K to 2030 K as fixed by the melting points of the

steel and of Pt - Pt 13% Rh ‘thermocouples used for temperature

measurement. ‘ 4

’
1

6 m-1 to 60 m-1. The limits were set by the maximum and

minimum depths §nd diameteré of melts which c¢ould be held in-

'

" the induction .coils.

.
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( )  CHAMBER PRESSURE:
o . \Y

The lower limit was the minimum pressure the vacuum pumps

could attain, about 3 pascals. The upper limit was chosen to

v
b

be the pressure at which'there was negligible evaporation, ' .

about 2000 pascals.

LOCATION OF. PUMPING OUTLET:

This was a discreet variable. The outlet was either

100 cm away from 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 brief note corcerning the

|
importance of the variable and reasons for its omission from

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

collect data which showed the effect of the variable on” solute

elimination rate. An example of thls was the influence of slag

\

b on the nelt surface.

' 1
_‘i

Initial residual element concentration: .

It is thought that this variable would not have a large .
effect on solute elimination rate (Section 3.10). 1In these’
experiments, it was not possible to precisely control the
initial value of solute concentration as there was wvariable
recovery due to melt splashing when the addition of the solute
yas made to the melt under vacuum. .

.
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Melt oxygen and sulphur:
¥ 4

The effect of these variables is unknown. Melt oxygen was
at a low level in all experiments as a consequence of aluminium
killing of the liquid steel. It was planned to control melt )
sulphur with additions of calcium carbide. This was not

' feasible as any excess CaC2 floated on the tpp~of the melt and
blocked metal evaporation, ' :

-

L]

Slggs:

" The effect of a coherent slag'on the surface of the melt
is éo fully block evaporation of metal from the bath. It was
thought that calcium fluoride could be used to modify any slag ,
which formed. However, very little slag formed and it was
difficult to add CaF2 to liquid steel under vacuum since the
CaF? was in powder form which sprayed everywhere upon
intrbduction into the vacuum. ‘ o

R

2~

Pumping rate:
AN

Metallic vapours evolving from the melt condensed to
powder before they reached the vacuum pumps. For this reason,
pumping rate, per se, has no effect on solute elimination
rate. o

e 8

[

e Inértrgés bubbling and jetting¢ ) \

! It is thought that inert gas could be used to %ncrease
nmaés transfer rates in the melt by bubbling, and in |the chamber

. - space by jetting. The cencept was gdropped because of the "
mechanical problem of maintaining a gas outlet deep beneath the -
surface of the.liquid steel. Also the pumping system was
inadequate to cope with increased volumes of gas. ‘

4

Melt to condenser distance:

°

\¥ A condenser placed at a distance less than the mean free
path of the metal vapour away from the liquid ssteel surface
should enhance the rate of solute element elimination (50).

This was not experimentally viable as the melt-condenser
distance would have had to have been less than 1 cm (50). Also
a condenser would have interfered with visual observation and --
melt sampling. : ~

-
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SECTION 4.3, : EXPERIMENTAL APPARATUS

¢ -

oo -
A coreless 3000 Hz, 150 kW Tdccg indﬁction‘furnace*

(# - see Appendix 2) was uéed to melt and hold at temperature °
10 to 65 kg stéel charges (PFigure 4.3Ll). The chgfée was
either;4x4 cm A36 grade hot rsiled steel bar* or scrap steel*.
The induction furnace was méuhted inside a 2.6 m3’(l.8 m

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

the top of the chamber allodéng sampling and temperature

probing without breaking vacuum. Vacuum~tight windows

<

‘permitped observation and photography of the chamber interior,

The liquid steel was contiined in 19.5 cm diamebef “Hyéor"

alumind crucibles* which were used for all experiments,except

. . /
5A to 6C, where 35.5 cm diameter. "Hycor" crucibles were used.

. N .
.

The pumping system consisted of two stages, a Roots

. blower* followed by ; sgokes mﬁéhanical pump*. The outlet ‘£rom

. , I
the chamber to the pumps was extended inwards towards the
crucible in some experiments (Figure 4,3.2A), and in other

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

type McLeod vacuum gauge* provided pressure readings. It 'was

. ' / 'y ! .

mounted just outside the chamber on the .vacuum line to the

. o t

pumps. + 5

!
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0 , Norton type "R" "DIP TIP" tﬁermogoupie* assemblies mounted
on a temperature probe were uSed to determine melt temperature,

Thermocouple EMF was measured with a Fluke 8600A digital

potentiometer*,. Temperature measurements were taken with these
instiuments, without breaking vacuum, by inserting the pfobe

through a vacuum seal on top of the vacuum chamber.
/

) ' [
A

Graphite cups* were used for s%mpling»in all experiments
as they consistently produced a soubd sample. Quartz cups*
were tried in an attempt to avoid welt and sample contamination .

by carbon. They were unsuccessful a3 the steel always splashed

out Qf the cup before it froze.
: : . !




Figure 4.3.1. Overview of experimental apparatus. The vacuum
chamber and its door can be seen in the center of the
photograph. Controls for furnace power are on the left with
vacuum pump controls next to them. The vacuum pumps are
located behind the chamber and can not be seen here. Melt
sampling and temperature probing ports are located on top of
the chamber along with 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. Figure A shows
the outlet extension in place just above, and to the right of,
the furnace (center foreground) and Figure B shows the
apparatus without the extension in place. A furnace tilting
mechanism is located in the top of the chamber and a radiation-
shield can be seen to the left of the furnace.

{
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| a

(‘, A Perkin Elmer Model 403 atomic absorption spectrometer*
was used ‘'initially for copper and manganese analyées, Later, a o
BairdMAtomiC‘Mgﬂhl DV-2 Spectrovac* spectrometer was used to

analyse the samples: for coppe}, tiﬁ, manganese and sulphur.

/{ .
4, Rt . [

Motion picture films were taken with a Locam 16 mm*
variable frame speed camera fitted with a Cosmicar 22.5-95 fim

F 1.5 television zoom lens, ' Still frame pictures were taken

4

At e e

with a Minolta SRT 100 35 mm camera fitted with, either a

300 mm F 3.5 Tokina lens for photographing the melt surface or,

RO
2

a 55 mm f 2.0 Rokkor lens for photographing, the gas space.
A

/ ~

SECTION 4.4. : EXPERIMENTAL PROCEDURE

-

Crucibles used in this study were cut down with a diamond

e e A FHTTONENEATLLY > N3, o e

saw, from an internal wall ﬁeight of 35 c¢m, to a height of
about 20 cm for experiments which had 30 or 60 kg steel-

charges, and, to about 10 cm for those with 10 kg charges. '3k

| The crucible was placed high in the furnace coils, and tightly

‘ . ' . ;o ;

Great care was taken in all experiments to ensure that

U

§ ///““\\ packed with clean refractory* (* - see Appendix . 2). s

: there was no contamlnatlon of the refractory packing with
-F

elther prevxcusly splashed metal droplets or with refracgcry

Q } cement which had been used to hold thespacklng in place during .,

A
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°

the previous experiment. This was essential because any

_‘contam1nat10n of the refractory lowered its melting p01nt,

thereby, rendering it unsuitable for high temperature
experiments.| Even with this precaution, the packing was

1

observed to fuse beneath the crucible during prolonged high‘

¢

temperature experiments. \

1

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 filleé the cruciblé. Aluminium,

0:2 to 0.4 wtt of the steel charge -weight, was added to the

present in~the steel when it melted and almost completely
eliminated splashing and bubbling due to carbon monoxide

evolution during pumpdown.

The chamber was'segled once the é&uc%ble‘and,charge were
{n place and evacuated to about 7 pascals using thh the
mechanical pump énd the roots blower. By this meéns, chamber
oxygen potential was lowered to about 1 to 2 bascals.
Commércial grade argon* was then admitted,untilhzhe chamber
pressure was just slightly less than 1 atmosphere which helped

to reduce splashing during melt-down. .The low oxygen potential

minimized excessive oxidation of the steel during this time.

Melt-down required about 60 to 90 minutes.
- P ’ - )
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AS soon as tpe charge was molten (1770 K), the Stokes
mechanical\pump was restazted and the~chamber was evacuated to
about 2000 pascals, aﬁ“Whlch time, the Roots blower was
restarted as well. An initial problem was that the rush of hot

gas’through the pumping system melted the pumping line foam

rubber dust filter, 1In addition, the filter tended to burn due -

to’the presénce of some oxygen in these gases. The problem was
avercome by adopting a practice of intermittent pumping during
re-évacuation, ie., pressure was lowerea in 4000 pascal steps
with the mechanical pump until it was around 2000 pascals, at
wh&ch time, the Root's blower was restarted. Both, pumps were
then employeﬁ to pump continuously for the remainder of the ‘

’ {

(experiment. . /
Chamber pressure fell quite rapidly from 2000 pascals to
. 400 pascals and, then slowly from about 460'pascals to a steady
value in the range 3 to 16 pascals in 15 to 25 minutes. The
fin;l steady value'of chamber pressure depe;ded upon the ‘amount
of air inleakage from a number of minor leaks in tﬁeysygﬁem.

\

A thin film was always é:esent on the surface of tgk
steel after melting, but, it tended to'diésipate durigg
supérheating. In runs at lower melt temperatures, aro&nd
1900 K, the rate of film dissipation was low, and in some iow
temperature experiments (less than 1900 K), the bath had to be

led at temperature for a considerable time (60 minutes) before

the film began clearing. It was found thathupérheatihg the

!
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steel to 2050 K quilkly cleared the £ilm. The melt could then
be allowed to cool tp run temperatdre, whereupon, the Eopéer or’
copper and tin were added. This procedure required 15 to 20

minutes,

An gxperimental run\ began when copper or copper and tin
were added to the melt. Samples of the melt were taken

thereafter at regular(s 0 10 minute intervals by mean; of

graphite cups attached to)|steel rods. These devices were

inserted into the chamber \without breaking vacuum. The samples
were cylindrical. and weighed about 80 gms. Depending on how

rapidly the samples cooled,| they were either gray or white cast-

'iron; the carbon being picked up from the sampling cup.

Temperature measurement was performed each time a sample
was taken. The "dip tip" was fixed to a probe which was
inserted througﬁ*the bridge breaker port withouf breaking
vacuum. The probe w;s inf oduced into ‘the systeﬁ as fast as
possible to minimize heating of the cold junction 5 cm above

“

the thermocouple -bead. The cold junction was insulated, with

!

1 cm of refractory Whlch as suff1c1ent to delay its heatlng

‘until a reading of melt t mperature could be taken. Six

minutes were required to allow the assembly to cool before a

further reading could be taken.

Droplets of steel ometimes splashed into the sample port

. ‘during sampling or addition making, préventing'it from sealing.
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When this occured, the pumps were shut off, the chamber was
repressurized with ifgon and the valve was removed, cleaned anﬁ
replaced. The chamber was re-evacuated and thé experiment
continued. The break in the experiment under such ~

circumstances lasted about 15 minutes..

~

At the finish jof a day's experimentation, the charge was
allowed to cool in the crucible. It was then removed and .

weighed 'to estimate the mass splashed‘éﬁé evaporated from the

-

» crucible during the experiments, The difference between final

\

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 was

made. Melt area to volume ratio was caljculated for each run on
this basis. |
‘ l
The chamber was cleaned after each experiment. Great care
was taken during cleaning because of the pyrophoric nature of
condensat; which adhered loosely to all surfaces of the chamber
interior. This condensate was extremely finely divided and it

caught fire on several occasions.

Photographs 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 160 ASA film for the cine films, and,

~ 1/500 sec at F 8 on 64 ASA fiim for the stfr$~photographs. The

gas space over the crucible was photographed using 1/80 sec and
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F 1.5 at 24 frames per secbné, and, 1/4 sec to 1/15.sec at
F 2.0 on the 64 ASA film respectively. The slow £ilm spée&s

and large apertures were necessary when photographlng the gas

‘space due to low light intensity. This was‘pot the case for

photographs of the liquid steel surface.

N ¢ v

|
SECTION 4.5. : EXPERIMENTAL CONTROL

$

4.5.1. : MELY TEMPERATURE

: Melt-temperature was controlled by varying the power input
to the furnace by manually adjusting the potential applied to,
the induction furnace coils, Power input variation was based
upon measured me%t temperature, ie., a feed back loop with a
human contro;ler. The smallest adjustment dvailable on the
power controller was a 2% change in % rated volts._ The control

- /
attainable by this means is summarized in Table 4.5.1.

L]
/

-

.
k2 .

'MELT MASS | TEMPERATURE CONTROL
| (kg) \ \
10 - +/- 50 R °
30 +/- 20 K
60 - +/- 10 K

‘Table 4.5.1 Temperature control achieved on, 10,P30 and 60 kg
melts in this study as indlcated by a 'dip tip thermocouple

measurements, - .
) a
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A typical thermocouple-probe EMF.reébonéé is shown in

Figure 4.5.1.

20 L. Maximum EMF Cold junction

heating.

EMF, mV. \\‘ : ‘
5L . S
[
« 7/
10 (.
5 -
Tip touches liguid steel '
0 1 | ] ° |
0,00 0.25 .50 .75 1.00

Time, seconds

Figure'4.5.l. Melt temperature probe response as a function of
. time from the momént the port was opened to permit entry of -the
thermocouple probe to the chamber.

|

It can be seen that the EMF of the temperature probe

" changed continuously with time. As the thermocouple junction
came to equilibrium witﬁ:the bath, itéIEMF rose to a steady
value which would have been maintained if the cold junction 4id
not heat up. Howeverg'only a fraction of a second qlapsed
before the EMF began to decay due to watm{ng of the cold

junction.
[}
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In other words, the readzné had to be taken quickly and
hcoupled with the unsteady nature of the digital output, for
example, a +/— 0.1 mV change between updates ; pPrecision of the
'reading was limited to +/~ 0.1 mV. This'corresponds to a
+/- 10 K precision in melt temperatire in the range 1790 K to’
2%ﬂ0 K for Pt / Pt 13% Rh thermocouples. The thermocouple
measurements were thought to be: accurate to +/- 10'K as they
corresponded within +/- 10 K of the liquidus temperature of

the steel when a reading was noted just after meltdown.

4,5,2., : CHAMBER PRESSURE .

b

Chaﬁber pressure fell to a steady value at which the rate
the vacuum pumps xemcved gas from the chamber\became equal to
the rate gas enterled the chamber plus the rate gas was
generate& within the chamber. The gases entering the chambeﬂ
were either -(i) air wblch ac01dentally entered the chamber
through a number of minor leaks or - (ii) argon‘which was
purposefully injected chrcugh a port in the, center of the rear
wall of the chamber. The argon was injecteéd at a controiledf

rate to maintain the chamber pressure above the value it would

have had with full pumping (Figure 4.5:2). Theirate air leaked

. into the chamber varied depending on the condition of the seals

of the chamber,

-
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150 - .

ARGON flow rate, cm3/s

1

100 (.

50 |

l 1 1
0 20 40 60 80 100
Chamber Pressure, pascals

Figure 4.5.2. Chamber pressure as a function of argon flow
rate. ‘ , ‘ o

The rate gas was generated within the chamber was the sum ‘
of outgassing, ie., the evolution of gas from solid surfdces in °
éhe cgambef} plué the rate gas was evolved from the ﬁelt, for
example carbon monoxide: Méfél evaporation is thought to not
influence the chambef pressﬁre'measurements, because, the

vapours cool and condense either in the chamber itéelf or in

the McLeod vacuunsgauge, . . f

\

In most cases there was no argon injection during the
experiments and chamber presédre during the experiments was
generally steady. The only control gxerteé under these
circumstances was at times whgn the chamber‘pressu;e

accidentally rose above 30 péscals,with full pumping and all

ke

! Ve
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ports closed,due to a sealihg problem. In such a case, the -
experiment was stopped to check and clean probablé leaks. The

most frequent leak source was the sampling’port and procedure

\ o

for its repair was described in Section 4.4.

Argon was used in severa% experiments to maintain high
chamber pressure (16 to 50 bascals). The argon injection rate
was controlled by adjusting an argon flow valve setting. A%l
any setting, the argon flow rate varied less than 10 $ which

resulted in an equivalent percentage variation in chamber
- %

pressure.

4.5.,3. : MELT AREA TO VOLUME RATIO .~

t

4 . S
The area to volume ratio of a melt in a cyclindrical

crucible is equal to the reciprocal of melt depth. It can be
determined from the dimensions of the crucible and the mass of
the melt. The melt area to voluQ: ratio increased during the
course of an experiment, ‘due to melt splashing, metal
evaporation and sample takind. At any time during an
experiment the melt mass was thought to have beeﬁ known to <
within +/- 1 kg. Qable 4.5.2 shows approximate values and

_accuracies of melt area to volume ratyo in this study.
&y

© 1
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< |

“MELT MASS °| 'CRUCIBLE DIAMETER A | *
";‘\;«»x (kg) : (cm) ( /m) » -
10+/-1 204/-1 Sl 25 +/< 1205 | - L
: 30+/-1 20+/-1 7 +/- 3.58 | \
60+/-1 36+/-1 7 +/- 1.5%

Table 4.5.2., Precision of reported melt area to volume ratlo as
a- function -of melt mass-and crucible diameter.

N

4.5.4. i LOCATION OF PUMPING OUTLET

| ) > A

The location of the chamber pumping outlet was controlled

by placing or removing an outlet extension before startin§ the , e
day's experiments., With the extension in place, the mouth of , j

the outlet was 15 +/- 3 cm from the midpoint of the steel”

surface,| whilst without the outlet extension, it was 100

+/= 3 cm|away. , R

< . ) ‘\

SECTION 4

/ .6, : PRECISION OF MEASURED DATA )
’/‘/’——\\.\ f" °
4.6.1, : SAMPLING TIME 7
® - -
. : v
The tiime of the first sample following an addition of .

-copper or qopper and tin was taken as the initial tihe for the
*measurement of solute elimination rate. Vacuum exposure time

was then taken as.that elapsed from the 1n1t1al time. Sampllng

{
‘.
AN

1 — —
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times were precise to +/- 0.5 minutes. )

L4

/" S

. 4.6.2. : CHEMICAL AJALYSIS

Duplicate anaIyées of melt samples gave an estimate

‘(Table 4.6.1) of the pgecfsion of copper and manganese analyses
pérfo:med using the flame atomic absonption.ypectrometer.
Analyses of melt sambles taken simultaneously from the liquid
steel generally /fell within the accuracy claimeé by the

. manufacturer., - Thiﬁ'consfstency is considered to be a good

N

‘check for the accuracy of the analytical techniques and the

L precision with which the melt samples represented the 1liquid
2 "
steel at any given time. /‘// . |
l . )
° B
’ ' ELEMENT RANGE (wt %é ACCURACY* PRECISION ’
" Cu 2 - 0.01 +/- 3% +/~ 1% .
Cu 0.01 - 0,001 "+/- 10% +/~ 10% N
Mn .1 = 0.01 T +/= 3% +/~ 3%
. Mn 0.01 - 0,001 +/= 10% +/=~ 30%

Table 4.6.1. Accuracy and precision for copper and ménganeée
analyses by atomic absorption spectrometry. * Manufacturer's
" ¢laimed accuracy when their standard technique is followed,

24

~ A set of saﬁples analysed by flam? atomig absorption was P
-amployed to calibrate the vacuum arc spectrometer (Appendix 2)
utilized for later experiments. "Table 4.6.2 shows the accuracy

and precision of the latter method. e
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ELEMENT RANGE ' |ACCURACY* PRECISION
Cu 2 - 0.001 +/= 3% +/= 3% ;
Sn 2 - 0.001 +/- 33 ¥ +/~ 3%
Mn 1 - 0.010 +/- 3% +/~ 3%
~_ Mn 0.010 - 0.00L] +/- 10% +/~ 30%
S - 0.10 - 0.001 +/- 10% +/~ 20%

Table 4.6.2. Acdcuracy and precision for copper,-tin, manganese
and sulphur analyses using vacuum arc atOmlc’absorptxon
spectrometry. * Manufacturer's suggested accuracy whien their
standard. technique is followed.

"TLEA ’ ‘

1

SECTION 4.7. : DEFECTS AND ADVANTAGES OF THE EXPERIMENTS

7

Two majér problems of this experimental work were melt
S . .

splashing and condensate refluxing. Splashing was a problem

-

because it led to uncertainty in the melt area volume ratio,

Condensate refluxing /caused by material which had evaporated

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

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

prob;em because it led to low apparent rates of elimination. -
This refluxiné was particularly propounced due to the splashing
which occurred whenever an addition or a samplelcup was
introduced into the melt, It wasrreduced by ensuring the melt
filled the crucible as full as feasible.

! Another major problem was that, the metal vapour which‘
evolved from theyliquid steel and escaped from the crucible,

adhered loésely to aiqa%urfaces within the vacuum chamber. The

14
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(f} amount of deposit was greatest on the roof of the chamber
directly over ehe crucible, and when' it became too heavy, it
detached itself and fell, some falling back into the liquid
steel. This also led to low apparent :atesvof solute
elimiﬁafion. It was significantly reduced by trapping the
condensate with a sheet)ofdfluminium gauze which was stretched
between two supports in the roof of the chamber (Fiqure 4.7.1).

As for experimeetal advantages, the most useful feature Of
the apparatus was the facility which ehepléa independent
samﬁling and temperature prebiné as weli as simultaneous visual
observations through the chamber windows. 1In all previous work
on vacuum distillation, problems associated with, the

v

maintenance of the vacuum seals led to difficulty'in either

mélt sampiing or temperature measurement, As aﬁconsequence of
the wvisual observatlons, difficulties WIth one device could
immediately be seen so that it did not 1nterrupt the gathering
of data with the other. For example, touchlng the crucible-
wall with the sample probe (breaking off the cup) did not stop
the measurement of the melt temperatere which was essgntial to

good temperature control. The flexibility of this arrangemeﬁt

lea to excellent experimental control bhecause it was possible
to observe, quickly measure and cogpensate for changes whlch
occurred during the course of an experiment. It also led to
excellent melt sampling because it was possiele to observe and

ensure that a good sample was obtained, . .

1S
i
L—
a
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Figure 4. 7 1. Aluminum gauze attached to the roof of the
vacuum chamber to prevent condensate’ refluxing. The gauze can
be seen to be covered with fine condensate and to have
disintegrated directly over the melt. A large build-up of
condensate can be seen on the w1re ‘that supports the furnace.
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¢ SECTION 4.8. : OVERVIEW OF THE PRESENT EXPERIMENTS

The experimental plan was flexible which made it possible
a . . .

* 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 seen in Table 4.8.1 which shows an

overview of the experiments in the order they were performed.

The significant developments and improvements in this

t

program were:

(a) good temperature control,
(b) good pressure control,

| (¢) wide temperature range, ) -

(d) standard melt surface conditions, ' 32
(e) addition of copper or copper and tin to liquid steel

without breaking wvacuum,
(£) minimum air inleakage,
(g9) placing gauze 4n roof to minimize refluxing

and

(h) simultaneous quaqtitative and photographic records.

fan
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'EXPERIMENT NUMBER -

DESCRIPTION

1A ~1B
2A

38 - 3D

5A

8A - 8D

SA - 9E

I

10a - 10B

lla - 11B

* ‘{
12 ~ 128

<

Cu added to cold 30 kg charge, poor
temperature control

No data, Cu added to liquid steel, poor
temperature control

Good temperature control, vacuum
outlet extended towards melt.

Good temperature 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

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

Gauze in roof, no outlet extension,
good temperature control

2

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

Steel scrap charge, outlet exﬁension, )

gauze in roof, good temperature control

Steel scrap Eharge no outlet extension,

gauze in roof, good temperature control,
continuous argon injection

4

Table 4.8.1. Outline of experimental development.

e
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(. = SECTION 4.9. : SUMMARY .

In summary,#the experiments were aimed at measur ing {ates
oﬁ copper, tin, manganese and sulphur elimination froﬁ liquid
steel under vacuum, Variation in melt surface conditicn,
splashing and refluxing were sources of experimental
uncertainty. Photographic observations led to an understanding
of gas flow in vacuum and’;lso helped evaluate the influence of

the experimental parameters. . . N

- n
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CHAPTER FIVE

RESULTS

) SECTION 5.1, : MEASUREMENTS

The measurements taken in this investigation were: l'

. |
!

“- 7 (a) melt mass,
(b) crucible diameter and height, » -
. i(c) vacuum exposure time, ,
(d) melt temperature,
.(e) c¢hamber pressure;
(£) é%pper concentration in the liquid steel,
; \ (g) tin concentration in the liquid ééeei,

| (h) manganese concentratybn in the liguid steel
<

——

(1) sulphur concentration in the liquid steel.

These measurements are tabulated for each- experiment in

fables 5.1.1 to 5.1.4.

R : coL
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\ e & & & ' !
S F e & PN
5 § oo & @ ¢ & & %
4 % TR N & % % % X
& 5 AP 7 2 < <
& & X S § Ny & "\
1A 31.5 20;20 O 1906 10.7 0.881 ====- 0.31 0.037
30 2009 16.0 0.520 -~=-- 0.10 0.035
52 mmwm === 0,304 m——-- 0.03 0.028
1B 29.5 20;20c 0 ==== ==== 0.95 —=-=- 0.02 0.026
15 em== =dee 0,43  ~em-- 0.005 0.018
2A  29.5 20;20 O 1973 ==-= 0.805 ====- 0.296 ~wm=m=
12 ---- 13.3 0.555 =——m- 0.131 -~---
3A  32.5 20;20 0 1980 20.0 0.579 --=m- 0.125 =—~=-=
11 1987 16.0 0.409 =—=== ' 0.048 —==--
24 em=e —me- 0.27g// ----- 0.003 ==~=--
32 -—- 16.0 0.232 -~-—- 0.002 ~====
3B 30.5 20320 0 2002 26.7 0.697 ~—=e- 0.004 ~~=me
: 15 2002 21.3 0,428 ===me —eceee  —e—e-
27 2002 14.7 0.325 -==-- Smm——— meeee
36. 2002 20.0 0.293 ===-s —m-e~  —emne
3¢ 28.5 20;20 0 1906 12.0 0,802 ~——-= =—==m= =~
12 1928 8.0 0.581 ==mme m——-=  —cee-
21 192 4.0 0,423 —-—me —meme e
s 30 1928 ~=== 0,336 ===== =c—ee  —————
3D 26.5 20320 O 1943 6.7 0.948 =—m== cmeee  cmee-
10 1950 6.7 0.6l9 ===m= —mem~  cmee-
22 1918 6.7 0.457 === —m—e- ————
36 1870 6.7 0.312 =mee-e- =mem~  mmaa-
_________ it 2 o 2 e e e e o e o e e st ol e e T s o e o A A T L S D i o T o o St S o
4A  29.5 20320 O 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 20320 O 1813 4.7 .0.743 --=e- 0.047 =—-=—-
17 1870 3.3 0.659 ===u- 0.034 =—===
27 ~--- 4.7 0.500 ===-- 0.016 ~====
.37 1885 4.7 .0.418 ~==-- 0.010 -=---
'Table 5.2.1. Measured values of experimental parameters and

C e m e e i gu e

‘'melt composition for Experiments 1A to 4B.
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—————————————————————————————————————————————————————— [ -
6Aa 9.2 20:;10 0 217732 25.3 0.673 =—=<== 0.01l7 =—==—=
13 1835 12.0 0.453 ‘—e~=- 0.005 ==—===
20 1921 10.7 0,236 w====~ 0.002 ==w=-
30 1913 ===- 0.141 -~-=-- 0.001 =~==—-
68 7.2 20;10 0 1899 6.7 0.629 =m=—= —mmm= —m—m-
) 9 1890 6.7 0,454 <womwa womcma ccee-
19 1904 6.7 0.222 =e—em  mmcme e
317 1904 6.0 0.108 ==~e== omcee cawe-
6C 502 20;10 0 ———— 6.7 0.625 ---------------
8 1899 8.0 0,395 ==eon weaee  cmee-
7A 62.3 36:20 0 1849 9,3 0,786 ===== (.127 =====
- 12 1892 9.3 0.678 —=w—=- 0.084 —==w=-
18 1899 ~=== 0.562 =~=~=~ 0,052 =-===-
37 1399 33.3 0.501 «=<== 0.038 --==-=-
78 60.3 36;20 0 1892 6.7 0.836 ~o==== 0.038 ~===-
10 1899 6.7 0.692 ===e- 0.020 -—=—-~
21 1921 13.3 0.533 eco=m=~ 0.011 ===w-
7C 60.3 36;20 0 1928 6.7 0.466 ~w~== 0.009 ~==--
» 9 1923 6.7 0.396 ==—== 0.006 =-=dd==
» ’ 20 1943 6.7 0,277 -—==- 0.003 ==—-=
27 1921 —=== 0.236 e==== 0.002 ~w——=
.................... e e e e e o o e
7D 58.3 36;20 - 0 1987 I3.3 0.429 s=ec== scnce  ce—--
) 12° 1993 37.3 0.288 <«=oem= commema comw-
20 1972 37.3 0.272 ~emm= mmmme e
lTable 5.2.2. Measured values of experimental parameters and

melt composition for Experiments 6A to 7D.
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8A 29.5 20;20 0 1965 13.3 0.150 0.100 0.570 0.048
10 1972 12.0 0.110 0.080 0.200 0.043
22 1965 13.3 0.071 0.057 0.010 0.037
32 1972 8.0 0.048 0.036 0.017 0.028
41 1972 8.0 0.036 0.029 ===—-= 0.026
8B 27.5 20;20 0 1965 5.3 0.148 0.117 -=--- 0.016
. ( ' 11 1965 6.7 0.114 0.102 ~==w- 0.Q12
20 1951 4.0 0.081 0.083 =—=—w- 0.0:12
8C 27.5 20;20 0 1958 5.3 0.071 0.082 =——--- 0.011
12 1958 "14.0 0.054 0.064 ===w= 0.009
8D 25.5 20:20 0 -—--- 40.0, 0.580 ===-= —=—== 0.009
11 1958 26.7 0.448 =—me-=  —cee- 0.008
21 1958 30.7 0.384 —-=-e ~--w- 0.007
9A 36.4 20:20 0 11958 26.7 0.239 0.088 0.460 0.040
9 2029 %6.7 0.138 0.072 0.056 0.031
19 2017 26.7 0.078 0.036 0.020 0,022
34 2028 26.7 0.053 0.020 0.009 0.020 N
9B 34.4 20:;20 0 1999 13.3 0.181 0.106 0.0le 0,018
8 1998 10.7 0.129 0.080 0.004 0.013 .
16*_2009 10.7 0.082 0.070 0.014 0,013
267 2018 13.3 0.q47 0.046 0.003 0.011 :
35 2005 13.3 0.034 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 r
_ 16 1784 8.0 0.281 0.140 0.019 0.009
30 1798 6.7 0.270 0.130 —~-~- 0.008

- — > ——— " a s T " - ——

SE 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 ==-== <—==o=  ccw-- >
30 1935 6.7 0.080 0.104 ~~--- 0.006
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Table 5.2.3. Measured values of experimental parameters and
melt composition for experiments 8A to 9E.
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10a 36.4 20520 0 1921 14.0 0.205 0.098 0.450 ==---
11 1980 13.3 0.154 0.080 0.152 ==<w==-

. 31 1972 13.3 0.077 0.050 0.019 ~=—=--
: 4l ---- 13.3 0.061 0.034 0:025 =====-

46 1965 20.0 0.050 0.029 0.007 ==—==-

________________________________________________ e e o o o
1l1A 36.4 20;20 0 2005 60.0 0.168 0.067 0.167 0.032
- 13 1965 347 0.150 0.064 0.120 0.030 i
32 1993 373 0.140 0.056 0.094 0.028 ]

11B 34.4 20;20 0 1968 8.0 0.294 0.034 0.016 0.022
10 1983 6.7 0.194 0.022 0.005 0.020
20 1993 6.7 0.140 0.018 0.004 0.017
30 1991 8.0 0.100 0.013 20.015? 0.017
128 36.4 20;20 0 2000 6.7 0.230 0.095 ----- 0.029
15 1985 13.3 0.190 0.088 =w==- 0.026
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Table 5.2.4. Measured values of experimental parameters.and
melt composition for Experiments 10A to 12A.

#
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SECTION 5.2. : RESULTS :

Lg}

The measured data were used to evaluate:

- (a) the experimental conditions, ) \

7

(b) initial solute concentrations,

-

(c) percentage solute elimination as a function of vacuum

-

exposure time,

(d) elimination rate coefficients (see Sgction 7.9) for S

each solute
(o]
and to prepare: | )

(e) plots of Ln(wt % solute) versus vacuum exposure time.

a

Figures 5.2.1 to 5.2.29 show this information for each of

the experimental runs.
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sulphur

h sampling time and
Thé value of a

copper, tin and

£ éac
measured’

]

.concéntration against time for experiment 12A.

Values of exper-imental parameters, percentage
£

ient for each measured solute are also given,

4

te coeffic

copper, tin and sulphur eliminated a

plots of natural logarithm o

Figure 5.2.29.
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CHAPTER SIX

~ ’

. PHOTOGRAPHIC STUDIES .

—————— o s e o o e e

SECTION 6.1. : INTRODUCTION L
This chapter presents photographs taken of the liquid
metal under vacuum and of the flow of metal vapour in the
" chamber space above the induction furnace. Sfill 35 mm

photographs and selected frames from 16 mm cine films are

shown,

-

!

SECTION 6.2. : LIQUID METAL UNDER VACUUM .

N St — , : ‘~ -
Tgree phqnomgna were photographed: : | , \
(a) slags and fi%ms‘on the liqui@ metal égrface,r

. ‘
_ (b) melt turbulence due to induction stirring ’ . N

.8
o

- .and,

-

(c) gas bubble evolution and bursting due melt boiling. :

o~

o

!

6.2.1. : SLAGS-¥AND SURFACE FILMS

@

The surface of the liquid steel was always~coveredjby a

‘<' ] , bulky coherent slag at the time the steel charge was just fully

o molten, Figure 6.2.1 shows part of this slag. The pattern of
t N - : N a -

1
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the melt when additions of ‘copper or copper and tin were made. .

outward radiating lines was due to, a jet of argon girécted at

the center‘bf the charge'during melting. .

This bulky slag dissipated or was splashed off during the .
time the melt was being superheated to run temperature and left

behind only a thin £ilm on the liquid metal surface

(Figure 6.2.2). This latter film broke up along the boundaries .

which can be seen in Figure 6.2.,2., It receded towards the edge‘—

\o ) .
of the melt when the furnace power was on due to the convex

t

shape of the melt sur face caused by the 'induction field,

Figure 6.2.3' . \ ) -

+

The £ilm eventuafly bMoke up inté small particles which
moved about on the melt surface, With the fu;nace power on,
they also remained near the melt‘?dge and were disturbed only

by induction‘stirriﬁg'and bu?ble evolution. Figure 6.2.4 shows
the nature of the film at this stage. N k . ' N

i

BN

Figures 6.2.5 and 6.2.6 show the complete melt §erace.
The former sgows,ébout 30% clear surface and the latter shows
100% clear surface fo;weﬁéporaﬁion which wag the conditionlof \
This -conditioh was maintained for- the remainder of the
quantitatiVe‘eliminatioq experiment. These photog;aphs also
}ndicéte tHBe manner in which hgtal vapour gondensed on the -

. \ N - .
crucible walls., They were taken during a preliminary run in

[

"which the crucible height had not been reduced. -

~

L




Figure 6.2.1, Photograph of slag present on surface of liquid
steel just after it had melted. Photograph taken through one
of the observation s atop the-chamber. Black shadows are
due to radiation shié obstructlng view. Pattern in the slag

was caused by a jetlof argon impinging the surface at the upper

left of the photograph (magnification: X 0.5),.

Figure 6.2.2, Part of the melt surface and a portion of the
crucible wall, Points to note are the material which has

~ splashed and frozen onto the crucible wall (top of photograph)
and the thin film broken by many flssures on the melt surface

(magnlflcatlon X 0.5).
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Flgure 6.2, 8. Portion of the melt surface and part of the

crucible wall. There had been very little splashing up to the

time this photograph was taken, ie., the crucible wall is

almost clean. The film on the melt surface can be seen to have :
broken up and receded to periphery of the melt (magnlflcatlon. : \

X O 5). N , . (

v

Y

*

.
!
1
i
s
2
3
1
L
k4
K
{
ﬁ
4
3

Figure 6.2.4. A portion of the melt surface. The film had
'fully broken up and lay around the melt edge. Melt turbulence,
apparently due to gas bubble evolution, is visible at the top -
of the flgure (magnlflcatlon X 0.95). -
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Figure 6.2.5. The entire melt surface as well as part of the
crucible wall. About 30% of the melt was clear at this time.
—B point to _note is the buildup of condensed material on the

walls of the crucible, especially the right hand side. This
photograph was taken during a prellmlnary run (magnlflcatlon- X

0.3).

L

Condition of the melt surface typical of that

Figure 6.2.6.
The

during a qualitative vacuum distillation experlment
bu1ldup on the crucible wall can be seen once again

(magnxflcatlon. X 0.3). -

M ’
) \
'
’

R _;‘l-;“m-" " ﬁi”

C e gy




@iﬁf‘g

, oot e s oL s . :
) ( i P .
s .
1 = ¢
- 'V) s
. - 117 =- , '
. N . .
.
t ’ .~
t ' ‘

6.2.2. ‘¢ "MELT TURBULENCE
. n ” ' ) N ‘ (I a
The movement of the melt surface can be seen in |

figure 6.2.4 as ;ndidated by the blur of the particles on the . X
. [ i - & h R .
melt -surface. It was estimated that the surface was moving at

2 mm per 1/500 second (exposure time) in the vicinity of the.

gas bubble eruption which caused the movement in this instance.

1

A motor effect is generated in liquid metal which is
directly heatedfjﬂx_an induction field. In' the present
apparatus, thfé effect was sO great that the forces generated

hy high power inputs on small melt masses physically lifted

the liquid steel out of the crucible. , .

Figure.6.2.7.shows a sequence from .a cine film of

exper iment 6C in which the melt depth wasjz cm and the furnace .

power was 60 kW at the time the  phliotographs were taken. It can

' . i
be seen that the liquid steel was levitated out of the

crucible. Other photographs (not presented), showed that the !

liquid then fgli back either into the liguid steel or onto the.

crucible walls washing the vapour which had condensed onto the at O

;o re™
'

crucible walls back into the melt. JThis'exampie of condensate
refluxing occurred only in expefiments with very high melt area -

]apﬁfokimately 40/m); ie., Experiments 5A to

e, ' ~ ’ -

-~

Vto‘volume

ratios
t .

6C. ‘ _ . i
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Figure 6.2.7. Series of frames takén,ﬁrom a cine.film (500

Under theseyconditions (2 cm depth, 50kW power .input,

frames perggecond) showing typical behaviour of a shallow melt.

Exper iment_
to a height of 25 c¢cm (top of photograph).

C), liquid métal is levitated out of .the the melt
After a number of .

such eruptions the entire melt had been splashed out Of the

‘crucible (magnification: X 0.2).
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6.2.3. i GAS BUBBLE EVOLUTION a ' ; -

\
-

il -

Photographs-preéented in this section were taken from cine
films of an experiment in which large bubbles formed on the .

melt surface and burst.

4

The films‘showedlbubbles growing to a diameter of about 10
cm in abdut a tenth of a second. The last stages of the growth
of a bubble and ‘its rupture is presented in Figure 6.2.8. Dark e

spots where localized cooling occured are notlceable in the

'.sequence. It can be seen that the bubble ruptured at the areas

" of localized cooling on the top portion of the bubble surface.

Bubbles also ruptured at the liquid metal - bubbfe interface,
however, it was not clear which of these locations

predominated.

A second sequence, Figure 6.2.9,:£?ows the induction

e

‘ . .
_furnace from the side and was taken at 100 frames per second

- 3] ) .
through the observation port in‘the vacuum chamber door. Only

large bubbles whrch protruded above the level of the inductlon

furnace are visible from this V1ew. "In thls sequence, It can
be éeen that rupture first occurred.on the right ‘hand side. A

second ruprure can be seen on tpeﬂtog\left hand side in the

second picture in the series.
3

Measurements’taken from the cine films shoned that the.
time for bubble rupture and drsSLPation was about 0. 012
seconds. The volume of the bubbles was estlmated to be 100 to

» 500 cm3 and the formation frequency to be about 4 per second

1
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Figure 6.2.8. Sequence of frames 0.002 seconds apart showing a
bubble bursting at the melt-vacuum surface (1900 K, 7 Pa
chamber pressure). Rupture of  the' metal film covering the
bubble is seen to originate at dark spots (pérhaps areas of
thinning) on the bubble surface, frames D, E and H. The bubble
"is thought to be due to melt boiling (magnification: X 0.2).
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Figure 6.2.9. Disintegration of a large bubble extending above
" the level.of the inducticn furnace houSLng Metal droplets
.formed from, the film of .metal originally covering the bubble
are readily &een (magmflcatlon- X 0.2). \ ,

« 3
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SECTION 6.3. : METAL VAPOUR FLOW IN VACUUM
- .6 4“
A

Photographs presgnted in this section were taken through .
the observation port in the chamber door'. They show behav;our'
of material which evapora&ed from the liquid steel &nder
various conditions of pressure, melt‘temperaturé, sufface‘
coverageland composition of ghe chémLer atmo&phere. »

A

Chamber atmosphere which was initially c&ean argon (at
about 1 atm.) became clouded with fume which evblved from~the
crucible contents during heating and melting the charge. fhe
density of this fume decreased as-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 .

of the photograph. .As é result, there was very little material

émanatinglfrom the crucible. _ 1

.

Superheating the Welt under vacuum caused the surface film

to dissipate and leaverclean melt surface free for evaporation.
Figﬁre 6.3.2 spoﬁé streams of ﬂﬁtai vapour ev?lving from' the
parts of the melt gﬁrface which’had cleared at the time this
photograbh was taken. When the surface was completely clear
the stream of metal vapour was uniform from tﬁe,whole sur f&be

(Figures 6.3.3). These s%ream§ of vapour were seen under

R~ . s ¢
normal vacuum distillation conditions.

| ]
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Figure 6.3.1. Interior of the. vacuum chamber with experiment
in progress. The conditions at the time were: (i) melt
temperature 1900 K, (ii) melt surface covered with slag and
(iii) chamber pressure = 5 pascals. The® furnace tilting,
mechanism can be seen at top center, the outlet to the pumps at
center right, a thermocouple assembly in foreground and an
additions shute at.center left. The top of the induction
furnace housing is shown at lower foreground center. Hk

-

5* - .
, ;

e

t
1l
3
¥

Figure 6.3.2. Interior' of the chamber as it was set up for

runs without the outlet extension in place. Metal vapour is
streaming from a small patch of clear surface on the right of .
the melt surface (melt temperature 1950 K, chamber gressure

less than ‘15 pascals).
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Figure 6.3.3. Flow of metal vapour when the surface was clear ¥
*of any film or slag‘ This form is typical of that observed
during experiments in which melt temperatures were over ,1950 K
and‘chamber pressure was less than 15 pascals. This form of
the vapour flow has béen designated the 'EXTENDED MUSHROOM'.

2

FPigure 6.,3.4. Metal wapour flow had this form whHen (i) chamber
pressure was about 14 pascals, (ii) the melt surface was fully
‘clear and (111) there was a small amount of air inleakage into -
the chamber. This shape of the metal vapour flow has been
'de51gnated the 'SHORT MUSHROOM'. It was an intermediate form
to the 'TALL MUSHROOM' (Figure 6.3. 5) and* the 'COMPRESSED ’
MUSHROOM'' (Flgure 6.3.7). )

20
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- formed (Fiéure 6.3.4).,

‘chamber was opened admitting a small flow of air intq the

y -~ 125 -

At slightly higher.ch;ABer pressures ‘(about 14 pascals) the
stream did not“régch the roof and ? 'mushroon’ shapeé auroa ) Li
At an intermediate preééure the
mushron 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 \the crucible and no

longer visible. A different form of the meta ur flow was
Leen at these pressures (Figure 6.3.6)

/ . r
@ [ ] b. .

The transitiop from‘tall mushroom to no mushrodm and back

again is shoyn in Figures 6.3.7 &nd 6.3.8. Figure 6.3.7 shows

the compressiqnpof‘fhe mushroom when a valve on the top of the

g&ﬁping system (raising chamber pressure from 13 pascals to 16

pascals). Figure 6.3.8 shows the effect of®closing. the valvéi“

The flow of metal vapour has the form shown in
Flgure 6.3.9 at much hlgher chamber pressures (= 1000 pascals)
This photograph was takeniwhen there was no gumplng. The '
materiai evolving at this high pressure formed-into stable

vortices as it was removed from the chamber when the pumps were

—

restarted (Flgure 6.3.10). The material in the vortices was of

a different nature to that observed close to the crucible at
lower pressuresy however, they were observed to coexist

X
(Figure 6,3.11 ~ 15 pascals). "
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Figure 6.3.5. 'TALL MUSHROOM' vaporization mode. Melt
temperature was 1950 K and chamber pressure was I3 pascals.

Figure 6.3.6. Form of vapour flow at hlgher pressures, around
16 pascals (melt temperature 1950 K). ° -
. M
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Figure 6.3.7. The tall mushroom type of metal.vapour flow was
compressed by slightly increasing the pressure in the chamber,
hy injecting argon into the pumping system.*® When it was .
compressed fully ie., to below the rim of the grucible, a
secondary form of the vapour flow appeared, fr&me H. Melt
temperature was around 1950 K and chamber.pressure increased
from 13 pascals in the frame A to 16 pascals when the mushroom

became fully compressed, frame H.

a



Regeneration of the tall mushroom as chamber
pressure fell again when the small leak of argon was closed.
The pressure dropped from 16 pascals in the first part of the

Figure 6.3.8.

’

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 evident. Of interest are the bright droplets of
steel which have splashed onto the gauze in the roof of the

chamber (melt temperature 1950 K).

o

&

Vortex type of flow

Two forms of vapour flow.
can be seen funnelling down into the vacuum outlet and an
extended tall mushroom type can be seen flowing from the

Figure 6.3.10.

crucible. It is thought that/condensation occurs 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) { c ~ )
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‘ g - ' In summary, the briéhg orange mushroom Eype behaviour of .
. ; N
the vapour flow was not affected by the location of the pumping

outlet, whereas, the white vortex forming material was strongly

influenced by its position, ' . S -
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SECTION 7.1 : INTRODUCTION 0 -

)
~ at
t

‘

The overall aim of this investigation was to determine

rates of solute elimination from liquid steel. A second aim

.

was to develop theoretical explanations for the rates and for

the effects of experimental parameters -on them.

~

v

T

i

The following d;écussion'restates’thé experimentgl‘results
and makes cohpar;sogg between the measiied eliminatiops and
theoretically pgedicted7eliminations. It then discusses the
limitations of the’theoreﬁical modef and extends ikt to include

all chamber pressure conditions,

- ’ [

The visual 6bservétionsfpresénted in the photographic

studies chapter are then reviewed with regard to an explanation )

-

of condensation phenomena occurring in the gas space.

3

.- Finally. bubble bursting is dicussed briefly.’

AN
f 4
i
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SECTION 7.2. : VACUUM ELIMINATIbN“RATES -

y

4 < . ! 0 v v L3 /: -
* The measured vacuum ellmxﬁatlon data are summarized in

4

e —ﬂe«“‘
#

Figure 7.2.1 which Shgws,melt composition as a function of
chuum exposure time, The figure shows (i) that the initial
éomposition of tﬁé?mg{:s was in the range 1.0 to0 0.7 wt %
coppe;,’0.3 to £.14 wt' % fin, P.G to 0.003 wt % manganese and:

. 0.05 to 0.005 wt % sulphur, (ii) that the majority of =  ° .
e?perimeﬂts lasted 20 to 40 minutes and (iii) that the slope'of
wt % solute versus time fiots,decreases as initial solute .
concentratién decreases. \The third is a natural conseguénce of
the. elimination flux being dependant upon to solute
conéentratiqn (Equation 3.%@).

X
. A more useful way éf repreéentipglvacuum distillation data
is to'élot elimination as a percentage of the initial solute
present at the commencement Of refining.. #igure 5.2.2
reéresents e}imfhation of each of ‘the solutes in terms-of'the

measured solute content in the final sample expressed as a

ﬁercentage of the solute content of the ‘initial sample.’ The

Xgraphs show that in 30 minutes of vaéuum'refining:/ 40 to 90 %~

of theé” initial copperkgéo to 75 $ of the initial tin, 60 to 100

% of the initial manganese¢ and 20 to 40 % of the initial

sulphur is eliminateé}} X g o ‘

'* .

v
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Figure 7.2.1 A and B.
in liquid steel as a function of elapsed vacuum
2 Note scale of composition axis in each plot. -
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' Measured weight peicenf‘copper'and tin
exposure time.
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Prev1ous pilot plant studies (26,31,33) measured copper
ellmlnatlon rates during vaéuum dlstlllatlon to be of the order
of 20 % ellmlnatlon in. 30 m;nutes. Thls is consxderably lower
than the 40 to 90 /3 observed.in the present’investigation.
Three reasons are sﬁggested for the incr8ased rates in the

present work: .

(a)' increased melt temperatures,
(b) improved melt surface cleanliness,
and,

(c) reduced amount of condengate reflﬁxing.

i

The first of these increases the elimination rate by~

increasing the equilibrium vapour pressure of the evaporating
o ’ , e
species. This increases the vapour pressure beneath the:

Langmuir plane and causes a resultant increase in the net flux

! t

across the plane.r fhe second and third were discovered during
visﬁal observations of the expefiments.: Thei; retarding
effects Qere seen to be a blocking ‘of the evaporatio; for the
formef‘and a decreased net refining flux in the latter, .

) The rates measgredxin this study are the first pilot plant
data which fulfil thiéindustrial criterion that 80 % or more of
the initial solute contipt be eliminated in 20 to 40 minutes.
(This time is suggested on thé basis of avoiding excessive
’temperafure‘lbss from the steel during treatment).

Consequently, they are the first data which conclusively ..

indicate that vacuum distillation can become a viable

e, e -
- R s st - - Y e et o e e
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.raw material ,and eﬁergy demands for the steel industry.

industrial process. , ‘ f ‘
o e N

¥

In summary, it can be seen that sufficiently high vacuum
distillation rates have been measured on a scale meaningful to

full scale industrial processes. This clears the way for

comprehensive steel scrap recycling with consequent lowering of

Table

’

7.2.1 shows the potentia{Japnual economic benefit of these

reductions for the U.S.A. steel industry.

l

~

Table 7.2.1.

Value coppér recovered / tonne scrap Can:$ﬁzZSO
(0.5 & Cu at Can $2.50 / kg)
Value tin recovered / tonne scrap Can $40
(0.2 % Sn at Can $20 / kg)
-
Savings (scrap compared to pigiron) Can $130
ﬂScrap - $60/tonne, Pigiron - $200/tonne)
1
TOTAL YEARLY BENIFIT ] Can $13Billion
(70 000 000 tonnes scrap replacement)
8 N

v

4

, Potential-annual economid benefit for the United
States steel industry assuming there is no accumulation of
steel on the scrap stockpile. , . )

o
¢
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SECTION 7.3. : COMPARISION OF EXPERIMENTAL RESULTS WITH

) THEORETICAI: PREDICTIONS
k ¥

” oo

!

A computer program (Section 3.10) Based on a proposed
model of vacuum distillation (Equation 3.22) was used to .

gimulate vacuum distillation under conditions similar to those

-~ e

in each experiment of this study.

_For the simulation, values of the experimerital parameters

which are input to the program to evaluate the terms in

Equations 3.22a to 3.22d are those measured in each case and

presented in Section 5.2,

<

IR

. & , s
A comparison is made between (i) theoretically predicted
and (ii) observed melt composition &t the time the final sample
-was taken. Figure 7.3.1 prggents tpis comparison in the form

v

‘of a plot for each solypte element.

Elimination of jsulphur was not simulated because of the

e

Japour pressures and activity coefficients
v

uncertainty of its

at the temperaturef of the melts in this work.
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Figure 7.3.1 A and AA. Comparison between theoretically
predictéd melt copper coficentration and measured melt copper

concentration at the time the f£inal sample was taken.,

Figure A

shows all the data, whereas, plet AA expands the 0 to 0.25 wt %

copper range. :
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predicted melt
time the final"
Figure B shows

. ___ . MEASURED FINAL WT % MANGANESE X 10

and C. Comparison between théoretically
composition and observed melt composition at the
sample was taken, . Figure A shows this for -tin,

it for manganese, -




Wt

Figure 7.3.1 shows that the agreement between the

theoretical predictions and the observed melt ¢omposition is.

excellent for -copper and tin, but, gulte poor for manganese.
The excellent agreement for copper and tin 1nd1cates that the

model accurately,reppesents the~observed vacuum elimination and

also suggests that the sampling and analysis technique for both:

E

was very sound.

be the result of poor precaslon in manganese ana1y515 when the

manganese contents of the samples were less than 0.01 wt &.

1

\

SECTION 7.4. ¢ LIMITATIONS OF VACUUM DISTILLATION MODEL

’
t

7.4.1. : MASS TRANSFER IN THE LIQUID STEEL

T

The vacuum- ‘distillation model expresses the net flux from

i

the bualk of the melt to the condensatlon location on the ba51s

of predlcted fluxes (i) in the melt, (ii) across the Langmuir
¥ | - :

"plane and (iii) through»the gas space. °

. The Machlin model (35) which was used to represent the~

flux in the 11qu1d metal assumes that there is a flow of 11qu1d

from the bulk of the melt to the surface, radially outwards

across the surface to the melt edge and from there back to the

5

bulk of th@elt. This behaviour-was observed under ideal -

conditions NP the present experiments..

Mlﬁ - N
‘. -

The poor agreement for manganese is thought to \

~




- However, the evolution 6f gas or vapour bubbles in the
melt (gection 6.2.33 severely disrubts this floy. A second
facébr whiéh\disfupts the ideal flow is applicaiion of a large
power input to a shailow melt, As was shown in Figure 6.2.7,
for: example, so\kw power iﬁpuﬁ to a 2 cm deep melt completely -
destroyed any of the flow patterns sugéested.by Machlin.
Fortunately, this was no£ the norma;'mode‘of operation and
there was sel H.melf bubbling. <Consequently, it ;ppearé that,
in most caseéz:ES)Machlin model suitably describes the liquid

phase flux. .

L SN

* .
7.4.2. : MASS TRANSFER ACROSS THE LANGMUIR PLANE /
p . ! '
\The concept of the Langmuir plane immediately above the

melf surface is based on atomic ie., non¢empiriéal;-theory. It

a A \

is believed to accurately represent the gas phase flux adjacent

"

; toffhe’liquid surface as long as the melt surface area exposed "

to vacuum is constant with time. .
T , . ¥ ‘

~

"7.4.3. : MASS TRANSFER THROUGH THE GAS PHASE
. VoL -

- -
.

- .Further limitatiops of the vacuum distillation model méy
lie in the assumptions made in developing an gxpreésion for gas

phase mass transfer of the evapofated vapour (Section 3.9).°

-
)

—

R
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~

cross—section;l area constant and equal to the melt surface

compared to the vertical flow. hence, the constant ‘area

.(51).

-

~

.chamber c¢learly reached the chamber roof (ie., the extended

‘the .evaporated vapour 'is negligible over the solid condensatT

e

.- 144 -
] S y

A qui¢k glance at the photograph of the apparatus

(Figure 4.3.2) shows that the first assumption (gas space

4y .
5

area) does not always hold. However, the maximum rates of
- \ N /

soluteselimination are attained when the vapour flow in the

mushroom) , Figure 6.3.3. It can be see that the sideways

expansion of the vapour flow under these conditions is small

assumption appears to be valid for predicting the gas phase .

@

flux under normal ¥Yacuum distillation conditions.

y _
The second assumption (isothermal system)[is true under -
' ! :
normal vacuum distillation conditions when the vapour flow

reaches the chamber roof before condensing.
o ’ S,

[

The éhird aséumpfion {all ewvaporated vapour condenses at

<

the condensation locatioh).holds because the gapoqr pressure of

Q

S,

\ 2

,
] v ( ' "

The fourth assumption (cﬁZmpef pressure uniférmityf is a

¥
\

natural«consequence of the large dimensions of the apparatus.

-

The last assumption {(no generaiipn or .consumption of - \ i
vapour in the gas space) is based on the fact that the vapour

loses heat and condenses only at the condéensation location.

-
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In summary, it has been shown that under most of the
experimental conditions of this work (normal vacuum

distillation conditions): (i) the Machlin expression

T

accurately represents the 'flux in the melt phase, (ii) the
Langmuir plane theory accurately represents the net flux
evaporating and (iii) the exéressioﬁ developed-for the flux in -~

the gas phase représents it ,accurately.:

Al 1
- v
’

" SECTION 7.5. : EXTENSION OF VACUUM DISTILLATION MODEL

-
LY -

The vacuum distillation model was éevelopéd'for normal.

vacuum distidlation conditions, ie., chamber pressure is less
. S ‘

t

than the sum of the equilibrium vapour pressures of the-

evaporétiné species in ‘the surface. - Under these conditions .
there is always a bulk flow of vapour away from the meltk

surface to the condensation location,

-

L 9
The model can be extended to apply to-all'chamber
_pressures by rewr}tiﬂg.the expression for the flux of

evaporated vapour across.the gas space in its entirety:

Y

‘ ) 1!1” = —— _—}-‘L}-:.LE + . v . P . ‘cnuo
i,gas :

3

" where all terms have, the meanings defined in'Equatibn 3.15.

»

v
, v o , N
' '
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t negllgible at chamber pressures close to the equllibrlum vapour

*pressure of . the melt surface. This is very close to the

Equation’ 7.2 vas! used to evaluate the flux at the
commencement of vacuum distillation for conditions glven as an,
7

insert on Figure 7.5. 1. Thxs figure plots the predicted flux

against the chamber pressure and shows that the flux becomes

prediction of the original model (flux equal to zero under

these conditions).. angequently, it appears that the model -

accurately describes the evaporation pﬁgfess for all chamber |
& ~ 1]

pressures, - . ) /

N

’(;.; 6 T T T T T l\ T T T
N )
Z 1 !
~ .
- .
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=
O !
£ ,
o)
)
o
8 4
1 X
-
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i .
j
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o
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> 0 L 1 1 1 I
-0 ZQ‘ 10 &0 80 100 120 0 180 180 200 ]
_CHAMBER PRESSURE (PRSCALS) J

*
4

Figure 7.5.1. \Evaporatxon flux evaluated at commencement Of
distillation under typlcal vacuum distillation.conditions. The
flux can be seen to be almost 2zero at chamber pressure

-approximately equal to equxllbrium vapour pressure of the melt’

(120 pascals).
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SECTION 7.6. : DISCUSSION OF PHOTOGRAPHIC STUDIES
A,significant breakthrough in this work was the’

ggperiﬁental practicg of clearing tle melt surface of slags or

films before beglnnlng a quantltatlve reflnlng experiment' ,

This practlce was adopted because visual observatxons showed

~

) cledrly -that when the melt surface was covered with slag of

~

) £ilm there was very little vapour- evolution fgom the meit,
Figure 6.3.1. It was the removal ofwihe surface £film that |
; 51gn1f1cantly increased ellmlnation rates 1n»thls,study above
those of 51m11ar studies in.the same apparatus aé 51ﬁ11ar melt
temperatures (18,28,30). Eﬁperihent 9C was deLiberately
carried:out with a film on the melt surface to E9nfirm or deny

this behaviour.' The result was that in 30 minutes exposure to’

'

vacuum only 3 % of the initial copper or tin was eliminated,

The photographic. studies also led to an understanding of

‘the limitations of the Machlin model in‘describind melt phase

mass transfer in shallow melts at—high power inéuts. They also
~

showoolthat Ehe assumption of constant plane area by‘the
Langmuir plane theory is incorrect when the melt is bubbling or -

-

, boiling. : | ‘ . . )

S 3 ' L o
Perhaps the most useful application-of the photographic
studies was .in the development of-the gas phaée maés transfer . ~
model. Photographs under normal vacuum dlstillatlon condltlons
0

(Figures 6. 3*2 and 6.3.3) clearly showed the vapour rushlng

(from the cruc1ble to the chamber roof and stimulated bhe 1deas

P Lo s — A .
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-nbéhind the gas phase mass,transéort model developéd in Section

309. . . - . - . ‘ . }
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' condensate or oxide has occurred.

‘Figures 6.3.4 and 6;3.5 show that the flow of vapour in o

the gas space did not reach the rpbf“when chamber pressure was
just slightly less than the equilibrium vapour pressure of the

melt.

I3

~
’

Tt is believed that this behaviour is the result of

\bravity slowing‘the upwards velocity of the vapour to zero.

. 3 f - ”
This is possible when its initial velocity .is small enough, for

example, Léss than 4.5 m/s.
Under such circumstances, there would probakly be )
homogeneous nucleation of very small droplets of liquid or-
solid condensate particles or of metal oxide due to (i) the
increased concentration of vapour atoms at the point the &aﬁdur

‘stops, (ii) cooling of the vapour By“heat transfer to the

non-conden51ble gas present at this peint (52-55) or (iii)
)

‘ -reactlon w1th oxygen which may have leaked into the chamber

(30)". ‘ o
, ,, \ | . B
\ . =

Consequently, the boundary 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 of

In terms of the overall

picture, of vacuum distillation, the transition pressure range

.in which the flow of vapour was" seen to not exten§ all the way

Vs . e,
{ il
@ . . . o

‘
-
f . . .
’
1

1
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to fhéﬁcﬁambernwaa quite narrow, ie., +/-.2 pascals.
Gravitgxdoes not reduce the eliminatien(rate because the
bulk'velocity éf,;he vapout just above tse melt'surgace is
unaltered. Homogenepds nucleat;on EOes not alter the validity
of the model either,.pecause, Ehe assumptions made in Seétion
3.9 and discussed here apply to the case of homogeneously
condensxn%{x pours as well They are also valid for the
situation in which the vapour reacts to form an oxlde. Y
Figure 6.3.6 shows beautigally the form on the vapeur flow
when the chamber pressure is hmghé? than the equilibrium vapour,
pressure of the melt. It shows that there is no rush of vapour
from the crucible and diffusion is the means of mass ;ransfer
in the gas spdce. It can also be seen’ that sideways expansion
is- exaggerated compared to the lower pressure photographs.
Under such condltlons however, the reflnlng rate is quite
smali, Figures 6,.3.7 and 6.3.8 show quite clearly rhe ¢
transirion back and forth'thrpugh the pressure range-in which
this behaviour was observed. | \
Photographs of the material evoiving from rhe crucible
were alse taken at much high chamberﬂpressare (# 1000 pascals l )
Figure 6.3.9). The maéeriai in the gas space shown in this q;
figure is’thqaghr to be iron fume formed by reactieh with' Hi
oxygen Which entered ip the chamber as air inleakage;

Although, the amount of material in the gas space appears

~ considerable, the elimination rate_is negligible'beEause its




when' the vapour pressure of the'liquid below the surface

velocity'is very small compared that of the vapour under normal

vacuum distillation conditions.

The last part of the photograéhic‘study to be discussed

here is the melt bubbling shown in Figures 6.2.8 and 6.2.9.

+

The bubbles are believed to be melt boiling which is possible

l

\

exceeds tpe static pressure at that point. This is the éase'aé ,
very’smail depths when'there"is a high concéntratioﬁ of highly
volatile impuriiies (0.5 wts manganeé. for example), Or wﬂén '
the‘ melt superheat is very high (300 é) .

v

The bubbles are thought not to be carboh monoxide as melt

- oxygen was low due to the aluminium killing at thg commencement

of the experiment,

-

" !
N

In the pho;ographs (Figure 5.2.8 B, E and H), the bubbles
can be seen to rupture at dark spots which-grow and becoﬁe

darker on the film of metal covering the bubble. These spots

N

"are thought to be areas of ‘localized ¢ooling which possibly

freeze ‘and fracture. Other ‘unchanging dark spots on the bubble
surfate are poésibly due to reflection of the chamber's
interior or dﬂ}t in. the camera's opéical path.

Figure 6.2.9 is a sequence .of spectacular photographs

showing the rupture and digpersion of -a bubble from the side,

It shows that the film which was‘cbvering the bubble peeled off

in one direction and gave the resultant droplets of steel

-

* )
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trajectories in the same direction,

°

%
In summary, the photographic studies have given invaluable

assistance ;ogthe understanding of the experimental phenomena.

Without them, the work in this thesis would not have been as

-

frunitful as it has been. - &

* o

) %

SECTION 7.7. : COMMENT ON THE USE OF RATE CONSTANTS

Innprevious studies (25,26,28—33),‘§acuum distillation

data have been represented in the form of an average rate

s . N
constant (m/s) evaluated for the time during which the melt
composition was measured. 1In this study, however, it has been

@

shown that the multiplier in the expression for the overall

"flux during vacuum distillation (Equation 3.22)'is not constant

with respect to time and as a result the use of a rate constant
is not suitable. Nevertheless, it is péséiﬁle to evaluate a
pseudo ;ate constant by ; numerical £it to the heasured°data
(Appendix 3) and these’values are reported’ for each experiment
on Figures 5.2.1 to 5.2,29.-°
o

The pseudo rate constant has not been used becadse
percentagé elimination of initial solute content“appgars ta be
mége useful industr}ally and-experimentally. \ o

N ‘ . ) s




I

. - 152 -
; o ‘
) (X . i “
. . SECTION 7.8. : FUTURE WORK,
(: S -
. , . |
‘ Theoretical 1nvest1gatlons Whlch appear to be most

promising for the immediate future are:

(a) a technological feasibility study of applying vacuum

distillation to industrial electric furnace practice,

and, - ' .

(b) an economic cost and bénefit analysis of the process,
whilelpromising future industrial studies are: {
W N\ -~

(c) full scale tests on Finkl-Mohr vacuum units.(56),

and, .

‘  (b) pilot scale tests on Ruhrstahl Hattingen vacuum

4

degassing units (56).

.On a pilot plant scale, promising suggestions for future

: |
investigations are: ,

(a) inertiéas purging through the melt 'to increase melt

turbulence apd perhaps the bulk flow of gas aﬁay,from
the liquid surface,
(b) manganese and sulphur élimination,
(c¢) vacuum distillation bf non-ferrous systéms; for
'\ ' example, elimination of arsenic, antimony, lead and

[ &

bismuth from copper matte or blister copper,

4’ (d) vacuum distillation in dynamic systems in which the
7( 5 ) 7 metal flows from one container to an9th§r}f
and, 5 '

(2) continuous spray vacuum distillation.

v

ad e s



- CHAPTER EIGHT
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CONCLUSTONS 2

<4

. ) Experzments have shown that 40 to 90 & of the 1n1tial
copper, 30 to 75 % of the initial tin, 60 to-100 % of the
initial manganese and 20 to 40 % of the initial sulphur are

eliminated by 30 minutés of vacuum_distillatibn.

A
These results indicate that vacuhum dxstillatlon can become

\ ! .
a viable industrial process.

'
v M N

s ! ¢

Ks . N is

N ‘ . The elimination rates measured in this study were’h}gher . ‘
than those observed in previous studies. This is due to: . e
o~ . ' ! T

(a) higher melt:temperatures,

(b) cleaner. melt surfaces,

(¢) lesser degree of condensate refluxing
Y 4 , - .
and, '
. (d) ' lower chamber&pressures
S ' ' . :

. | s \
in #¥he present experiments.. o
‘ , i L d

s

L]

. 1 A theoretical model has been ‘developed to describe vacuum B
‘<ay’ T distillation elimipation in terms ef/ﬁ&ﬁxes in the melt, across
the Langmuir plane and through the-gas space. The model . b?

s
' ! A Al , I

7

e



- 154

v g [ "'., J
accurately predicts copper and tin elimination but it is
somewhat less-accurate fori manganese and éulphur; .

T

Photographic's;udies showed' that:

12 \
i -,
v

~
2

,(a) surface films critically block evaporation,
(b) 1nductlon stirring turbulence limits the appllcablllty

of the Machlin 1?ﬁuctlon stlrred melt mass transfer

- &

model,

§

(c) melt bubbllng 11m1ts the use of the Langmuir plane
theory, '

and, st

.

(d) vapoqr‘flow patterns arelvery\sensitve to /chamber
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CHAPTER NINE

o

CONTRIBUTION

—— o ——— —— — 2 — -

t

The following items dre claimed as original contributions

to knowledge:

(a)

(b)

(c)

vapour refluxing, -

a technique'haé been-developed to melt steel scrgp
under vacuum ana attain a clean surface for
evaporation, |

techniques have been developed for reproducible mel£
sampling and adcuratg temperature meaéurement without

...r__..QZ{:
’ 5

breaking vacuum,

rates of copper, tin, manganese and sulphur elimination

by vacuﬁm distillation have been measured and

techniques devéloped for maximizing the rates, in ,

Par;icdlaf: (i) cieaner melt\surfaces, (ii) higher

melt tempgratureslghdx(iii)'leéser degree of copdensed
: . .

a theoretical model deécribing the mechanisﬁ of vacuum

distillation has been developed based upon (i) melt

' - . Ty “,‘. N . ] ~
phase diffusion, (ii) evaporation across the Langmuir

. plane and (iii) convec¢tive mass transport in the gas

phase and a precise correlation has been shown between

i

(i) predictions of.the ‘theoretical model, (ii)

quantitative experimental measurements and (iii) visual

NG
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and,

1 ' ) .
observations, ) ‘ .

(e) a photographlc record of the vacuum distlllatxon

proce 8 has been obtained, lead1ng to a much gnller

1]

understanding of the prpcess,
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(£) an evaluation of Ehe potentiéi\role of vaouum :

distillation in the steelmaking cycle has been maFe

- showing that it w1lk most llkely ‘become a common.and

essential component of electric, steelmaking.
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(- , A - APPENDIX ONE

VACUUM ﬁISTILLATION,SIMULATIOﬁ . <:j

v . “a

The following 'is a listing of the Fortran computer program y

which simulates vacuum distillation on the basis of

Equation 3.22. .

“ REAL NCU,NSN,NMN,NFE,Kl,KZ,K3,K2CU,K25&,K%MN,
+K2FE,MCU,MSN , MMN ,MFE , MM,
+CU(250) SN(ZSO),MN(ZSO) TI(ZSO),

S —

+MNK ,MNFIN
: - i} |
.C \ ’ - :
C THE PROGRAM INTERACTIVELY REQUESTS INPUT INITIAL DATA
c
c - .
.1 WRITE(9,300) ‘ : ,
. 300 FORMAT (' ENTER THE DIFFUSION COEFF., IN LIQUID STEEL(M2/S)') '
READ (9, *)DLIQ :
WRITE(9,301)
301 FORMAT (' ENTER THE VELOCITY OF THE LIQUID SURFACE(M/S)')
READ (9, *) VELS .
) WRITE(9,302)
; 302 FORMATY(' ENTER MELT TEMPERATURE(K), MASS(KG) AND DIAMETER(M)')
' . READ.9,*)T,MM,CD . ,
‘ WRITE(9,303) -
303 FORMAT (' ENTER CHAMBER PREssq;g(PASCALS)') :
- B READ (9, *) PCH Q ~ . j
' - WRITE(9,304) g
304 FORMAT(' ENTER WT% CU, WT% SN, WTP% MN AND WT$ FE')
. ‘ ‘ READ (9,*) WICU ,WTSN, WTMN ,WTFE C
. c ‘ ‘ _
) C PROMPTING ASKS FOR A SIMULATION TIME LESS THAN 25000 (SECS)
} c
| . - WRITE(9,305) - :
b 305 FORMAT (' ENTER CALCULATION STOPPING TIME(SECS) ") v %
READ (9, *) TSTOP . \ .
c 5
C ‘PROMPTING ASKS FOR & DISPLAY TIME LIMIT (% CALC,S$TOP TIME)
.C

WRITE(9,306) , N o
A 306 PORMAT(' ENTER DISPLAY STOPPING TIME(SECS) ) R
( foo READ (9, *)nsrop . ,

o M g s b

o PROMPTING ASKS IF ALL RESULTS ARE TO BE PRINTED _ | - o

-
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. WRITE (9, 308) , -
; 308 FORMAT(' DO YOU WANT THE DISPLAY DEPRESSED ?7 1 - YES : 2 - NO')

READ(9,*) IDSDPR . . . {

ol
1

VARIOUS VARIABLES ARE NOW INITIALLIZED OR COMPUTED

Qoo n

307 MCU=63.54
MSN=118.69

f MMN=54.95 L 3
’ MFE=55.85 _ .

‘ NCU=WTCU*1,228 ‘
NSN=WTSN*0.657
NMN=WTMN*1.419 :
NFE=WTFE*1.397 : \ ,
DEN=7,8E3 \
DELTAT=10.0 ' \
TIME=DELTAT . ‘
J=1 ‘
A=3. 14159*CD*CD/4 0 /
-VOL=MM/DEN
K1=SQRT (8.0*DLIQ*VELS/(3.14159*(CD/2.0))) -
K2=SQRT(1.0/(2.0%3.14159*%8.314E3*T))
K2CU=K2*SQRT (1.0/MCU)
K2SN=K2*SQRT (1.0/MSN) )

' '~ K2MN=K2*SQRT (1. 0/MMN)
K2FE=K2*SQRT (1.0/MFE)
POCU=EXP ( ( (~17520/T)~0.5254*ALOG (T) +15.334) ¥2.303)
POSN=EXP ( ((=15500/T)+10.354) *2.303)
POMN=EXP'( ((-14520/T)-1.311*ALOG(T)+21.364)*2.303)

; POFE=EXP(((-19710/T)-0. 5515*ALOG(T)+15 394)*2.303)

GAMACU=10.0
GAMASN=3.0
GAMAMN=1.0 ,
: GAMAEESl . 0 B 'y
ACU=GAMACU*POCU*MFE/DEN f :
ASN=GAMASN*POSN*MFE/DEN P
AMN=GAMAMN * POMN *MFE/DEN . , ,
AFE=GAMAFE*POFE*MFE/DEN : ,

< )
AN INITIAL VALUE OF TOTAL FLUX.IS COMPUTED ASSUMMING
ZERO GAS .PHASE TRANSPORT RESISTANCE C

anooaoaan

F1CU=NCU/ ((1/K1)+(1/ (K2CU*ACU}))

F1SN=NSN/ ((1/K1)+(1/ (K2SN*ASN)))

FMN=NMN/ ( (1/R1) +(1/ (K2MN*AMN)) ) T
F1FE=NFE*K2FE*AFE - ~ -
SIGFLl=F1CU+F1SN+F1MN+F1FE ‘ ~ :
K3=SIGF1/PCH \ - -

& N f
C LOOP CONTROL PARAMETERS ARE EVALUATED T

- [P SO WONE S U U P P - P U [
~ . . .
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ICSTOP=TSTOP/100
ISTP=DSTOP/100

THE TRUE SIMULATION STARTS  ITERATIVELY

DO 200 I=1,ICSTOP N

DO 199 L=1,10 -

,A(fLUX"FOR EACH SOLUTE IS CALCULATED
FCU=NCU/((1/K1)+41/(K20U*ACU})+(1/(K3*ACU)))
FSN=NSN/( (1/K1) +(1/(K2SN*ASN) )+(1l/ (K3*ASN)))
PMN=NMN/'( (1/K1) +(1/(K2MN*AMN) )+ (1/ (K3*AMN)))
FFE=NFE/((1/(K2FE*AFE))+(l/(K3*AFE)))

USING THE EVALUATED FLUOES THE MELT COMPOSITION
,AND MASS IS READJUSTED

SIGV—(FCU*MCU+FSN*MSN+FMN*MMN+FFE*MFE)*A*DELTAT/DEN o

SIGF=sFCU+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=NCU/1.224 ) -
WTSN=NSN/0.657
WTMN=NMN/1.419
WTFE=NFE/1.397
SIGWT=WTCU+WTSN+WTMN+WTFE | .
SIGP“ACU*NCU+ASN*NSN+AMN*NMN+AFE*NFE

®

o A NEW VALUE OF GAS PHASE RESISTANCE IS EVALUATED

C - . .
K3=SIGF/PCH ) N , .
TIME=TIME+DELTAT

199 CONTINUE

C .

c OUTPUT IS CONTROLLED

¢ s .

IF (IDSDPR.EQ.1.AND,I.GT.1.AND.I.LT.ISTP)GO TO 201
IF(I.GT.ISTP.AND.I.LT. ICSTOP)GO TO 200° «
 TM=TIME~10.0 o

WRITE(9,1001)TM : o
WRITE(9,1000) HTCU,WISN ,WTMN , WTFE :

AT g

1000 FORMAT(8E1l2.3)
. 1001 FORMAT('0',F10.0,Fl10.2,E12.2)
201 IF(I.GT.ISTP)GO TO 202

C

C RESULTS- OF SIMULATIgE ARE STORED FOR EVALUATION OF

c RATE CONSTANTS AND REGRESSION coE;FICIENTs

c. ‘
CU(I)=WICU ) ( . ”
SN(I)=WTSN ' c . ' ;
MN (I) =WTMN ‘




R T e VI

b e

RN N T e w5

AR 2

\
e s e e

1
N

OO0,

(o NoXe]

D0000

202

200

50

203

500

,BOTSNSSXgSg-(SXSN*SXSN/ISTP) , o o

-TI(I)=TIME-10.0 : - .

IF(I.LT.ICSTOP)GO TO 200

CUFIN=WTCU : , ‘ .
. SNFIN=WTSN

MNF IN=WTMN \

CONTINUE ‘ r .

RESULTS ARE CONVERTED TO LOGS AND [REGRESSION FOLLOWS

DO 50 I=1,ISTP '~ / :
CU(I)=ALOG(CU(I)) °
SN(T)=ALOG (SN (1)) ] J '
MN/(I)=ALOG (MN (I)) \

CONTINUE

REGRESSION VARIABLES ARE INITIALIZED e

5X=0.0 .

SXCU=0,0 -

SXSN=0.0

SXMN=0.0

SXYCU=0.0 ) ’

SXYSN=0,0 ‘ “

SXYMN=0.0 : :

SXXCU=0.0

SXXSN=0.0 .

SXXMN=0.0 T
SYY=0,0 S

§Y=0.0 ’

: ‘ ® ! .

REGRESSION OF RESULTS TO EVALUATE RATE CONSTANTS

DO 500 I=1,ISTP L \ '
SXYCU=SXYCU+CU (I) *TI(I)

SXYSN=SXYSN+SN(I) *TI(I)

SXYMN=SXYMN+MN (I) *TI (I

- SXCU=SXCU+CU (1) ® \
SXSN=SXSN+SN (I)

SXMN=SXMN+MN (I) \
SXXCU=SXXCU+CU(I) *CU(I) ‘
SXXSN=SXXSN+SN(I) *SN(I) ' -
SXXMN=SXXMN+MN (I) *MN (I) ’ «
"SY=SY+TI(I) » o ”
SYY=SYY+(TI(I)*TI(I)) | -

CONTINUE , ’

TOPCU=SXYCU~ (SXCU*SY/ISTP) .

" TOPSN=SXYSN- (SXSN*SY/ISTP)

TOPMN=SXYMN- (SXMN*SY/ISTP)
BOT=SYY-(SY*SY/ISTP)
BOTCU=SXXCU- (SXCU*SXCU/ISTP)

BOTMN=SXXMN- (SXMN*SXMN/ISTP) L
CUR=TOPCU*VOL/ (BOT*A) ’ S e
suxawopsnrvon/(sor ) C




. X - 166 -

| o

MNK=TOPMN*VOL/ (BOT*A) . -
WRITE (9,1996) R
1996 FORMAT('0'," KCU KSN KMN') "

. WRITE(9,1000)CUK,SNK,MNK
1999 FORMAT('0',8El2.3)

REGRESSION COEFFICIENTS ARE EVALUATED

anan

RCU=SQRT ( (TOPCU*TOPCU) / {BOT*BOTCU) )
RSN=SQRT ( (TOPSN*TOPSN) / (BOT*BOTSN)")
RMN=SQRT ( TOPMN*TOPMN)/(BOT*BOTMN))
WRITE(9,1995) .
1995 FORMAT('0',' REGRESSIQN COEFFICIENTS ) v
WRITE (9, 1997)RCU RSN RMN
1997 FORMAT(BElZ 4)

o : .
o A SECOND REGRESSION IS PERFQRMED ~
c , .

FF(J.EQ.2)GO TO 2000 =~ ° SN

J=J+1 ) 4
c o 4 °
C.  NEW REGRESSION VALUES ARE STORED IN THE COMPOSITION ARRAYS
C ' ' B

<

DO’ 501 .I=1,ISTP ] \
CU (1) =ALOG (EXP (CU(I))-GUFIN) :
SN (I)=ALOG (EXP (SN (I))-SNFIN)
MN (1) =ALOG (EXP (MN (I) ) -MNFIN)

501 CONTINUE .
GO TO ?o ' ‘

MORE CALCULATION IS REQUESTED AND THE JINPUT FORMAT IS
REQUESTED
\

XN NeXoRe!

2000 WRITE(9,2001)
2001 FORMAT('0',' MORE CALCULATION ? 1 -~ YES : 2 = NO')
READ(Q,*)CAL
IF (CAL.EQ.2) STOP
WRITE (9, 2002) o :
2002 FORMAT('0',’ ABBREVIATE PROMPTING ? 1 -~ YES ; 2 - NO')
READ (9, *)AP :
. IF(AP.EQ.1)GO TO 3000 ;
GO TO 1

-

THE MODIFIED FORM OF THE DATA INPUT FOLLOWS ™

Q00

3000 WRITE(9,3001) ‘ | Lo
3001 FORMAT(' DIFF. COEFF? : SURF .VEL ') .
READ (9, *) DLIQ, VELS
WRITE (9,3002) \
0 3002 FORMAT (' MELT T, MASS, DIAM. ?')

- READ (9, *)T,MM,CD \ "
N ' WRITE(9,3005) o , ;
3005 PORMAT(' PRESS. ?') g ;

READ (9, *) PCH ~
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30032 FORMAT (' MELT COMP. ?')

READ(9,*)WTCU,WTSN,WTMN;WTFE J
WRITE(9,3004)

3004 FORMAT(' CALC. STOP TIME : DISP. STOP

3006

READ(9, *) TSTOP,DSTOP °
WRITE(9,3006)

FORMAT (' DISPLAY DEPRESSED ?')
READ (9, *) IDSDPR . -
GO TO 307
END -
/
‘ i
-’
¢
| i f 4]
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APPENDIX TWO

( A

The following is a list of equipment, materiéls and their
‘ A !

associated manafacturers and suppliers.

v
r

Furnace: 150 kW, 3000 hz, 'Tocco' induction furnace: coil !
diameter, 35 cm; maximum capacity, 180 kg steel. - '
' Manufactured by Inductotherm Inc., Rancocas, N.J. 3
Supplied by Deltec Systems Inc., Prlmrose,,PA. . . - 9
(Bankrupt) . .

Power Supply: Motor generator: 3000 hz, 150 kW, 800 Vv, 188 A.
Manufactured by Reliance Electrical; Cleveland, Ohio.-
Supplied by Deltec Systems Inc.

Vacuum Chamber: Cylindrical; 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) Stokeé’meqhanical pump (nominal capacity,
0.142 m3 sr1) :

b) * Roots Blower (nominal capacity, 0.614 m3.s-1).
The blower could only be activated at manifold
- pressures below 2.7 x 10®*3 pascal, \
f .
Supplied by Deltec Systems Inc.
Pressure Measuring Devices:

wre—

a) " Standard 'McLeod' gauge, 0 to 270 pascal.

y Supplied by Fischer Sc1entif1c Co., Montreal,
*  Quebec. |

AN
Temperature Measuring Devices:

..a) Pt/Pt-13% Rh 'Dip~-Tip Type R' thermocouples g\\
. mounted on the temperature measurement probe.
. ‘ Manufactured and supplied by Leeds and Northrup,
Elllport PA.

b) digital voltmeter,,o to 200 mV range; 10 my '
[ . g accuracy. !
. = Manufactured and supplied by John Fluke Mfg Co.
(’X E Inc., -Mississauga, Ontario.
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Crucibles: “Hycor Alumina'{ nominal composition, wt.%: \
/ .

AL,03 1 88.3 Tio, 0.10.
sio, .2 - K,0 0.03
Fe, 0, 0.15‘ Mg0 0.03
© NaO, 0.12 . Ca0  © 0:02
~ - J v

¢

£

Manafactured ans supplied by Engineered Ceramlcs,‘

" Gilliberts, Illinics. i~

Locam Hispeed Camera: Model 50. Supplied by Photographic
Analysis Ltd., Toronto,'Ontario.

Perkin Elmer Flame Atomic Absorption Spectrometer.
Manufactured and supplied by Perkin Elmer, Norwalk,
Connectlcut.

Baird Atomic Vacuum Spark Atomic Absorptlon Spegtrometer.
Manufactured and supplled by Baird Agomlc, Boston,

\ Mass. '

Steel: 6 mx 4 ¢m x 4 cm; hot rolled bar; A36 grade. Supplier
analysis: ¢ 0.17; Mn 0,72; 8§ 0.03; si 0.039! P
0.016. Steel supplled by A.E. Leslle Montreal,
Quebec.

Steel: Scrap off-cuts from Dept. of Metallurgical Engineerlng
o Workshop, McGill. University, Montreal, Quebec.

Copper: Electrolytic tough pltch copper off-cuts. Copper
supplied by Noranda Mines Ltd., Pointe Cldire,
Quebec.

Aluminium: Commercial grade ingots (2S grade). Aluminium
supplied by Alcan Limited, Montreal, Quebec.

Graphité: Commercial grade grapirfte rod, machined to .
: specification. Graphite supplled by Union Carbide
Ltd., Lachine, Quebec.

Gas: Commerical grade argon in cylinders; <&apacity 7 m3, 298
K, 1 atm. Gas supplied by Welding Products Ltd.,
Montreal, Quebec. \
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RATE CONSTANTS

' Yo

A pseudo rate constant may be evaluated for experimentally
measured vacuum distillation data by assuming that, -for the

time the melt comp051t10n was measured, the proportlonallty

e

e O A
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TN
constant in Equatlon 3.22 is constant w1th respect to time,

1e.,
’

i'b . - > e 8o A.l
\ -
\

where, K 1is constant with respect to time.

|

Equation A.l can then be rearranged and integrated to

yeild: \
F 4
. ’nlll MA
1n iL-f-a-'B.a-'l‘—— = K . == . t eewse A 2
n’’’ 1 Y/
Ni,initial .

where, A/V‘ié'the area to volume ratio of the melt.

® ]

Equation A.2 shows that K can be determined from the

slope of the best fittin§ straight line plotted through the

- natural logarithm of melt composition.versus time. -
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