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¢ y ABSTRACT :
. : , .
* An - experimental investigation of the removal of “impurities

§ .
(bismuthy./lead, arsenic and antimony) from baths of molten ‘copper

‘{blister, anode, and cathode type copper) under vacuum was carried

out. A pilot scale 150 kilogram vacuum induction melting facility

&

was used for these te%ts. ) .

The effects of vacuum levels of 60- 300 qu, melt temperqé

tures of 1150- 1350°C, melt surface area to volume ratlos of “ .

6-10 m-l and the effect of .water cooled condensers placed w1th1n

a two centimeter dlstance above the melt surface, were studied.
r N
Kinetic data were obtained for evaluating the potghitial of

F)

a full scale vacuum melting facility. A mathematical moéel was

3

alse developed for the proper interpretation of the experimental

' results. ~ . . | | .

In the a?éence ofroxygen and sulphur it wes found that
bigputh and lead coule be eliminated by up’éo 80% and 90% res-
pectively, while removal of>erseﬂic and antiﬁony was negligible.

The rate of removal of bismuth and lead increased as the
chamber péessﬁre was lowered and the meltttemperature»1ncreased.
The melt surface area to volume ratio and the distance of the
condenser to melt surfece.did noe have significant effects oe '

. the rate constants governihg the rate of removal of impurities.
The rate of elimination of Bismqth‘and lead over the

range of 1150-1350°C and 300-60 uHg, followed first order

kinetics. Rémoval rates were largely controlled by mass trans-
! & 4
- i 1\“
port in the gas phase. . A
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A comparative study has shown that the rates of elimina-

tion of impurities in the present pilot plant scale equipment

were significantly lower than previously published laboratory/

'scale tests.
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. RESUME

Une\étudé expefimentalékae 1'8limination des impuretés
(bismuth, plomb, arseni¢ et antimoine) des bains de cuivre fondu
sous vide {cuivre "Blister", cathode et anode en cuivre) a été
réalisée. 1Une installation pilote de fusion par inductipn sous
vide, pouvant traiter une charge de 150 kilogrammes a &té utilisée.
o -~ Les effets de la qualité du vide,’vafiant de 60 & 360 uHg,
Qella temp&rature du bain, comprise ‘entre 1150 et 1350°C, du
faﬁgort surface sur volume (de 6 3 10 mfl) ainsi que l'effet de
condenseurs refroidis 3 l'eau et placés 3 une distance de deﬁx
centimetres au-dessus du bain, ont ééélétudiés. ’ s

Des données sui la cinétique de r&action ont &té& obtenués\ )
dans le but d'évaluer les possibilit&s d'une installation sous
vide industrielle. Un modale mathémét;que a 8té développé afi?"

'd'interpréter les résultats expér?mqp;aux. , /
En 1'abscence dloxygéne et de soufre il a été trouvé que
1'élimination du;bismuth.et du plohbbpeut atteindre respbctf&ement

80 et 90% alors que celle de l'arsenic et de l1l"antimoine est

négligeable.

. 2

La vitesse d'&limination du bismuth et du plomb augmente
guand la pression diminue. et la temperature‘du_bain croit. Le

rapport surface sur volume et la distance condenseurs-bain n'ont

pas d'effet significatif. )
La viteﬁse d'élimination du'bismuth et du plomb suit une
i .-

a ‘

dans le domaine 1150-1350°C et
A

n PR ! . . /

cinétique de premier ordre
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300-60 uHg. Elle est largement controlé&e par le transfert:l’,de

»

masse dans la phase gaseuse. ‘

\\ Une &tude comparative a montré que les vitesses d'&limina-
h@\n des impuretés dans l'installation pilote présente &taient )
P . ; .
nota}]\ement plus bassag‘}ue celles publi&es pré&cédemment et
prouvenant d'essais de, ],Qkaboratoire.
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CHAPTER I

INTRODUCTION

— I-1. MINOR.ELEMENTS, IN COPPER

" Copper ores invariably contain significant guantities -

of elements other than copper and some of these reperf with

5

copper in the copper concentrate. A number of these
\iﬁburities (e.g. arsenic, antimony, bismuth, lead, tin

and zinc) are considered deleterious in that they tend to

-

decrease the quality of the final product, cépper—wire,
following electrolytic refining[ll.

»

Conversely, simpurities

such as gold, silver, selenium and telerium are classified

. as being valuable and are readily recovered in the electro-

—

lytic refining stageﬁg]. W

L]

For such reasons, the behaviour. of minor e}ements

commonfy present in copper concentrates represents an

\ —
important technical, as well as economic consideration in

s
>

any copper smelting operation.

I-1.A Production of Copper . |

Figure 1 summarizes the current major processes used

in the pyrometallurgical productidn of copper from copper
) N

These ores ac;ggpt‘fﬁi approximately 90% of
[3] \

\
_the world's priﬂary copper '~ 4

sulphide ores.

7

Sulﬁhide ores are generall& tre;ted by beneficiation

processes (comminution and flotation) so as to prPduce

.
A
t

. .mm,_z,:i._'-.h o [T, ., |

°

{
1
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. |
copper concentrates «E@gure 1). Matte, (a mixture of copper
and iron sulphides containing 30~55% Cu) is smelted from

o

concentrate ‘either by conventional processes (blast'or
b " .

reverberatory or électric furnace) or by new processes

(flash furnaces). Also, in recent years, the ﬁoranda
Continuous C;pper Making Reactor has'beeﬁ_employéd\to pro-
duce. very high grade;mattes conta?ning 60-70% Cu. Both
matte ‘and high grade mattes are then converted into blistef
copper containing about 1% sulphur in Pierce-Smith convérters.
Today, blister coppers (or rather é‘type of éopper
similar to conventional blister cgpper) can be ﬁroduCed
directly from cdncentrates gy the Mitsubishi and Noranda
continuous processes. These molten blister coppers aré then
fire-refined and cast into anodes. This latter step is

followed by electro-refining, enabling 99.99+% copper to bhe

produced. ‘ | !

x

;

I-1.B Behaviour of Minor Elements in the Produg¢tion of Cépper

While high quality copper results from the controlled
elimination of minor elements during the course of smelting

and electro-refining operations (Figure 1), studies of

conventional rocesseéjshowéfhat very little elimination of

deleterious \{impuritiés occurs[4], during fire-refining in the
\ ;

anode furnace: n this latter operatioﬁ any slag remaining

from the converters is .first skimmed bﬁf. The copper is

then desulfurized, deoxidized and held for anode casting[sl.

-

a

P e e
[y




Conventional Processes
. ¢

. Wb e en

t

Sulphide Ores
(0\5—2z Cu)

Beneficiation
Processes

Concenfgates
(20-30% Cu)

¢

v

IR

New

Processes

;e

T

e
Continuous
Processes

|

»

Blister Copper
(9747 Cu)

/

Electri// Reverberatory Blast Flash Modified
Furnace Furnace Furnace Furnace Confinuous
l < l - l l Processes
’ Matte High Grade Matte
(30-55% Cu) L (50~75% Cu)
» ‘¢ '
Converting
! Blister Copper
(98.54% Cu)
}' i .
Refining &
Casting )
13
Anode Copper
- (99.5+% Cu) -
. [ | Electro-~ ‘
Refining
_ Cathode Copper
’ (99.99+% Cu)
A
Figure 1. Combfned process floq§diagrams for the extraé@ion of coppet from

N

N

sulphide ores.
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However, any high impurity contents of other elements in
the blister copper charged to the anode furnace, tend to
remaie and proceed on through;to the electrolyticwrefining
etage. This causes the following problems[ ]
1) Contamlnatiqn-of electrolyte, making electrolytic

purificarion ﬁore difficult and costly. ( \

¢ * 2) Contamination of cathode '‘copper, leading ﬁel g
inferior eiectrical and mechanical properties of the final
pro&uct, copper-wire -bar.

3) Contamination of anoge slimes, leading to a more

. difficult and costly separation of valuable by-products.
3

It is clear that the removal of all deleterious
impurities during matte smeltiqg and converting stages and
prior to the fire refining or electro-refining srepe would
be ideal. Similarly, the concentratioh of all valuable
1mpur1t1es 1n the blister copper and subsequently in the
anode copper,'would be ideal since they are easily recovered
durlng the electrolytlc refining stage. '

Provided deleterlous impurities in a matte are present
below certain concentration levels, they can be eliminated
adequefely-aurlng the matt® smeltlng and converting stages
(Table 1). In these conventlonal processes, the elimination

occurs by two mechanisms, slagging and volatilization, the

overall elimination of each element being determined in an

rinterplay of thermodynamic, kinetic and process factors. At

/

Lo ; o . N
the same -time, conventional processes provide high recoveries

.

et RS e haEt b em R See o

A




N

————— e T gy RS e v : “ T R L -

™~ - N - ~

3\ - @ / ’

i - , 1.
§ TABLE 1. Representative Analysis , ‘weightoz.
P - :
! Cu Fe s 0 As B1 Pb sb Zn Au Ag )
! ,
% Matte 30-55  "30-45 20-25 2-3 0-0.5 0-0.1 ° 0-5 0-1 0-5 = o0- 15x10™% 0-0.1
| Blister  98.5- 0.1 0.02- . 5-0.8- 0-0.3 0-0.01 0-0.1 0-0.3 0.005 0-100x10"% 0-0.1\
, Copper 99.5 0.1 -

Anode 99 4- 0.002-  0.001- ’ ’ : ' * « trace-

_ Copper 99.8 ' 0.03 0.003 0.1-0.3 0-0.3 0-0.01 0-0.1 0-0.3 - 0 - 0.005 o 0.1 \
Cathode l 0.0002- 0.0004- 2. trace— race- trace— trace- 0.0005~
. A 3 - - 0.00001
; copper  °°'%** 00006  0.0007 ™7  0.0001 0.0003 0.0005 0.0002 0= 0-00001 4 901
i ’ i
f _ ' .- Conventional processesla] b e i o,
2. Not included in gnalyhis e X - i

4] g‘ . -
g } i o > ¢

- - . I 91
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of valuable by-products such as gold, silver, selenium and.

!telerium[6’7]' 3 .

’

Over the years, the composition of ores has not

o remalned unlform, copper contents tending to decrease and
deleterious imputity elements tending to increase. As a

direct reflection, levels of impurity contéents in the blister
(el Il °

copper have also generally risen
Opposed to these trends, the demand for higher purity

\ ]
copper has lncreased substantially, in conjunction with

3.

technical- advances achieved in the electronics 1ndustry

.

Publicatiorns deallng w1th continuous processes (i.e.

v A

Noranda and: Mltsublshl) introduced in the last decade, indi-
cate that the processes -tend to produce .blister copper. of
higﬁer impurity contentu than that produced by conventional

- proces‘ses[9 151 C |

I-1.C Difficulties R« Related to Impurity Content of Copper
and Possxble Technical Solutions

\

One c¢an summarize the present situation in copper
production with respect to impurity,contents as folldws:

0

| 1) The demand for higher guality copper has increased.
2) The trend towards an increase in ‘the impurity '
contents of copper ores will‘cqntinue.
' 3) The recent continuous copper production processas
w result in blister copper of higher impurit lévels

than produced using the more conventiogal

pyrometaldlurgical proéesées.

s
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4) Current electtro-refining %rocesses are incapable

| of dealing with hi§ﬁ levels of delet§rious elements.

5) The existing fire refining process is totally

. s o, . ‘s
inadequate for eliminating deleterious impurities.

Y

A literature survey on research addre$sing itself to '
these difficulties of impurity removal from copper and

possible solutions was carxried out and is summarized below:

1 ~3

i) Chlorination of Copper: The removal of various impurities

from liquid copper using chlorides (e.g. sodiﬁm, calcium,

magnesium and ammonium chlorides) has been 'investigated in

[16]

laboratory scale experiments It was concluded that
I

.~ the proposed process would not be feasible. 0

ii) Rlux Additions and Oxidation of Copper: 'The idea of
\ 1 A

making\ flux additidns and oxidi;ing the impure copper has J
Q Py

been investigated extensively in both laboratory and indus-
¢ .

" trial scale expe:imenbs[17-201. The process involves the

addition of various compositions and amounts of fluxes to
| ® ’ )

blister co e§ contained in anode type furnaces with the

simultaneous injection of air and/or oxygen enriched air

into thelmelt.

)

The removal of an impuritynby oxidation can be examined
[71, )

bn the basis of the following equilibrium relation

y = y ]
Cuzo(l) + M(l) 2 Cu(l) + Mo(l,s) (1) |
2% X ang |
k -‘—n—.—‘l—__——-— - (2)
e aCu 0 x a
2 M -
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1l,s

=
J

impurity metal

s

<impurity .metal oxide

‘equilibrium coefficient

activity

liguid and solid

To determine the, upper limits of:impurity removal

|
| .
through gxidation, one ¢an consider the molten copper to

be saturated with oxygen, in which case the equation for

:» ke- reduces to:

ke

¥
X

Bvo _ Ymo * *mo

Ay . Ym ¥ XM
activity coefficient

mole fraction

(3),

where”yM is that in an infinitely dilute solution.

For high impurity;removrl, it is clearly desirable to

-have small values of Ymo and XMO' and large values of Yy and

'

ke' The addition of fluxes to form a, slag, together with

°

slag skzmmlng promotes the removal of inmpurities as metal
! .

oxides, MO.

i

|
i

The experimental studies reported problems with High

copper losses to the slag and low levels of bismuth elimipa-

tion.

1ii) Vacuum Refining of Copper:

!

Vacuum refining is a

comparatively new process for the copper pyrometallurgist

even though it is well éstablished in the production and ,

kS

~refining of steel, zinc, mercury, etc.

However, it has

v e m v e s peamr e m——
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volatile impuritl€s in liquid copper and is the subject of
this thesis. In the follo&ing section, the technqlogj“of

vacuum metallurgy will be discussed briefly and then its

to the elimination of the more

potential application to copper refining will be considered.’

I-2. VACUUM METALLURGY PROCESSES

3 \
Vacuum is rapidly becoming an essential feature in a

wide variety of metallurgical operations.

of the vacuum metallurgy processes and where they are: being

applied is given below[21_24];

@

i) Extractive Metallurgy

a ~ The beneficiation of ores; filtration,

briguetting, etc.

}

b - The reduction of compounds; Mg and Ca’

i
o

production. .

ii) Vacuum Mélting Processes (for refining of crude

metal, alloy preparations, remelting, etc.)

Loa Induction melting

o
I

Arc melting

a
1

Electron beam techniques\’
\ '

%
o
-

e - %Zone refining
iii) Vacuum Degassing of Liquid‘Steel
a - Stream degassing

b - Ladle degassing

kY

An overall réview

-
o

¢
)

Cold crucible and levitation melting techniques

pr—
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c - Dortmund Horder (DH) degassing

d - Rheinstahl (RH) degassing
iv) Casting of Various Shaped Produgts
v) Heat Treatment ] N

vi)'Testing of Metals and Alloyg ‘ ’
-vii) Joining

viii) Surface Treatment . )

ix) Powder Metallurgy

i [y

x) Mechanical Workiné of Metals in Vacuum/
I Among these processes, vacuum induction melting is
one possibility being considered fq;\the refining of molten

copper. - R

Y

I-2.A Vacuum Induction Melting and Refining

Vacuum induction melting can provide blpse control of
melt composition and temperature while simultageoﬁsly
pfevenéing undesired contamination by reactive gases such
as oxygeh[zs]. Similarly throughuthe.use of low pressures
(belpw 300 uHg = 40 pascals) and inductive stirring, the
rate of refining reactions can be improved and purification

) |
processes which would not take place at atmospheric pressures

can be carried out. ‘ /} .
Vacuum refining in induction melting units is achieved
through evaporation of volatile impurities into the gas

phase above the melt. - ’ ™
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Two important features necessary for the success of
a éacuum refinﬂng process are that 1) the rate of evapora-
tion from the melt surface must exceed its rate of conden-
sation back onto the metal surface and that 2) the rate of
évaporation of impurities should be faster than that of the

|

baée metall 0f these, the first“feature depends on the

vacuum created above the melt surface while the second is

fundamentélly controlled by the equilibrium pressure of

the impurity relative to that of the base metal. /
In 1963, Kameda .and Yazawahzs]

{
scale experiments confirmed that the, refining of copper by

in some laboratory

vacuum induction melting is possible. They also discussed
the evaporation’ of impuritieggfrom:a thermodynamic stand-
point.

Since that time, numerous studies, all of laborafory

scale, have been carried‘ggt in Europe and Japan.

I-3. PURPOSE OF PRESENT STUDY

The present study was undertaken to investigate the-
general feasibility of impurity elimination from blister or
angde type of copper and to determine the main factors,
contﬁolling the kinetics of vacuum indu;tion me;t%ng at
the pilot scale level.

Since;all%data reported in the literature has been
obtained using laboratory scale equipmént, the présent study
aimed at determining the effects of scaling-up to pilot-

plant level. .
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a density of moletules less than about 2.5 x 10

CHAPTER II /

REVIEW OF THEORY AND PREVIOUS EXPERIMENTAL WORK

T

II-1. INTRODUCTION TO VACUUM TECHNOLOGY

-

Although the latin word vgcu means "empty", it is
useful to note that at skhe lowest pressures which can be
obtained by modern-pumplng methods there are [still huqdreds of

~N
molecules in each cubic centimeter of evacuated space[27]. .

According to the definition of the American Vacuum
. :
Society (1958) the term "vacuum" refers to a given space
filled with a gas at pressures below atmospheric, i.e. having

13 mole/cc.

The general term "vacuum” includes about 19 orders of
magnitude of pressure (or dénsities) below thaf corresponding
to the standard atmosphere. The lower limit of the range is |
continuously decrgasiné, as vahuum teéhnology imprdves_its
pumping and measuring techniques. l

Measuring a system's absolute pqessure is the tradi-
tional way to classify the degree hf,vacuum: Thus, one can

speak of low, medium, high and ultra-~high vacuum correspondlng

to regions of lower and lower pressures as the levels indicated

in Figure 2. . ,

]

The list of applications of Vacuum Technology ihcludes
‘ |

1
!

a large number of items which have become symbols of

i
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Figure 2. Degree of vacuum and pressure ranges of vacuum metallurgy processes.
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technologi\cal progress. Its area of application ranges
from vacuum ho'lding, vacuum lifting, vacuum cleaning and
electric lights to drying, distillation and insulation.
In 1,:his large field of wvacuum technology Vacuum
Metallurgy has gained an important place particularly
during the last century with the introduction of several

different types of processes.

II-2. HISTORY OF VACUUM METALLURGY

The effect of reduced pressures on metallurg;ca'l’
reactions was recognized towards the end of the 19th century
as being important. - In 1866 T. Graham carried out experi-
ments uhder reduced pressure to show that hydrogen can,
diffuse through the wgl/ls of a piatinum tube[zsl . A United
States. patgnt was granted around 1867 for a vacuum furnace
complete with vacuum loc];s, and other patents were granted

[25]

in the 1890's for furnaces , as well as for a degassifi-

cation techni\que (Aitken, l\E!/B/ZL[}_g]\. There is no record of
a practical furnace until tt:xat developed by Arsen in 1907,
which became the first usable tool for studying metallurgi-
cal reactions in the molten state under vacuum. By 1921,

it was found that resistance heated furnaces were not \“ 5
satisfactory for large scale vacuum melting. Aécordingly,
Heraeus G.m.b.H. bqilt a 300 kilogram low frequency furnace in

1921 undef the directions of Rohn. The size and ‘the- nyumber

of furnaces were increased during th\e 1920's afte}\ﬁ induction

e b et s
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melting was incorporated, and beginding in 1939, 5 ton heats
were being produ;ed. Since pressures less than 267 pascals
(2 mm Hg) could not be maintained at that time, processes
could not be carfc;'.ed out at full efficiency.

i Meanwhile vacuum arc melting found application in the
Siemehs works. between 1903 and 1912 for the prﬂodqction/of high
cfualit‘y\ tantla.lum for the electric lamp industry. Then Moore,
in 1923 » and W.J. Krall in 1940 further improved the vacuum
arc melt.‘\inq applications [28] .

The realj breakthrough for vacuum melting came towards the
end of the 19 fO's with[‘new improved industrial pumping systems.
Thé size of the furraces were concurrently enlarge(d. %‘or
steel degassing a;1d special alloy preparation purposes,
furnaces well ‘'above 50 ton capacity staited being built. For

instance, in 1975 in Japan, twenty-nine units with a maximum

capacity of 34,0 tons were in operatiorn yielding about 6 x 106 '

'

\

tons/year of vacuum refined steel. This figure amounts to
10% of specialty steel products and 5% of common steel[zgl.
Vacuum melting processes also started being applied to

zinc, cadmium, tin and titanium productions[3o'32] .

II-3. THEEORY OF MASS TRANSPORT IN VACUUM

1

The investigation of evaporation phenomena began in
1873 by Stefan almost at the same time as vacuum technology

began to be studied[33]. His first experiments were carried

.out with the evaporation of mercury into a vacuum. Over the

b

[
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and the separation of zinc and lead by disq:illaJtion

[ ’ . 16.

'

(

years the potentially’ advantageous épp](ications that vacuum

v

metallurgical processes offered in the' production of high
gquality metals, resulted in a large number of basic studies
.being carried out on the kinetics of evaporatibn of metals
under vacuum. Thgse investigations included the evaporation

[33], the vacuum refining of steel[33]

[34-36]

of tungsten under vacuum

However, the majority of recent theoretical information
available on the kinetic'sl of vacuum refining is based on
e:;periments ca:c_'riéd out with si;.eel melts.

As mentioned earlier the applicatidn of vacuum
metallurgy to copper is\relatively new: the earliest liter-
ature ava'tilable dates back only to theilate 1940'5[37]..

Kinetic studies -began ’during the last twenty years.

II-3.A Thermodynamics in Relation to Vacuum Metallurgy

’

As will be shown in Chapter III, any understanding of
the kinetics of evaporation of impurities from 'a liquid metal
bath held underl vacuum first requires information dn the o
the;:modynamics of the system involved. Therefore in order
to analyze €he kinetics of evaporation,under vacuum consider-

ation of the vapour pressure of the constituents above the

melt is a prerequisite. Unfortunately, very little data are

available with respect to the vapour pressure of elements

above their dilute solutions in liquid metals. Hov(ever,

'vapour pressures of pure elements are more or less precisély
- :

known and a plot of these versus temperature may be used as

| o :
' *
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.a rough gu;de!for determining whic¢h elements will exhibit
preferential evaporation. 1In Figure 3, the change in vapour

aq
pressure of the pd%e elements relevant to this study is

plotted against femperature[38]
~

. In Appendix I, the equations
for the vapour'préssure of elements appropriate to th;é study
‘are ingluded.

Figure/i shows these elements with highef‘ﬁapour
pfessure than copper that cal be evaporated.

If the vapour pressure of the buré element isnknown,
the equilibrium partial préssure of that element in a metallic

solution can be coméuted, provided-its activity coefficient (

is known, using Henry's relation: v

'

P, =PI ¥, X; . | (4)

+
i
where

P1 = equilibrium vapour pressure of solute i, pascal
~N @ .
Pi = vapour pressure of pure solute at the known
temperature, pascal .
Y, = Raoultian activity coefficient of the solute i,
in an infinitely dilute solution

\

X; =mole fraction of solute i .

However, since solute vapour pressures are potentially
dependent on the presence and amounts of other dissolved
components, vapour pressures based on binary solution data |
does not in itself, guarantee the ease of a component's

separation from multi~component solutions[39].

i | e i - v e e Lo
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II-3.B Relative Volatility Coefficient (Evaporation Coefficient)

The term relative volatility is used to Eomgare the
vapour pressure of one pure substance with another. Under
conditions of molecular éﬁaporation, as defined by Langmuir,
the‘influence of the molecular weight§ of the components on .

the molar rate of evaporation must 5e considered[39~il]. Thus,
N
for evaporation from copper baths, the relative volatility
J“ " { | //
[39]

coefficient, o, as defined by Olette is:

3
Yi o Pio | Mew
o= = G : (5)
Cu Cu 1

where

M., = molecular weight of copper, g-mole-¥'

M; = molecular weight of solute, g-mole°l

Y -

In a dilute solution, copper (the solvent) will follow
\
Raoult's law and hence, Y cu is unity. Also, tpe impurity i
(the solute) at sufficiently low concentrations will follow

Henry's law. Discounting solute-solute interactions, the

(o4
activity coefficient Y4, can be taken equal to y;. Under
[ .

such conditions, & then becomes:
3 T |
p° (M A0
° i Cu ' .
@ =Yi (g )m (6)
Cu i

4

By using the data given inuAppen?ix I values of a were
"calculated for bismuth! lead, arsenic and antimony at three

.

different temperatures and these are given in Table 2.
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1. Calculated from the data given.in Appendix I.

\
YN s

_...._..M....zr‘.- Sete e

!

o Values

Temperature,K

Element 1423 1523 1623
| Bi 15057 5715 2477
Bi2 19901 | 3454 1380
Pb 25387 8873 3579
As - u352'
g T 2
Sb - o °
: 2
sz - 47

2. At’1573 K

o &

PO ¥

20.

\w
TABLE 2. 4Re1T;ive Volatility Coefficient Valuesl' ¢
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If o is unity, no prefereptiél aeparétipn ié possible,
since the concentration of the two components in thé vapoJr
will be the same as in the condensed phase. Suﬁézénces_that
can be readily separated must show eith;r large or small

values of a (i.e. a should not approach un@ty). R

II-3.C Overall Mass Tranéport Rate ’ . ¢

o \
Ward[42’43] has studied the vaporization of impurities,
e.g. manganese, copper.and chromium, from iron. Ten kilogram
melts were heated and stirred inductively, and/the molten metal
surface exposed tﬂ an inert gas phase. The pressure "ranged

from 0.13 to f§.3 X 104 pascal (1-106 He showed that the

pm) .

felation between the loss of evaporating solute molecules i

)and the time of vacuum ﬁelting followed first order kinetics.

/

As such the overall mass transport rate was given by:

' LR 1)

. )é B ‘
gNi K T Ci (7
or: i
~d (wt$i) A . ‘
—Tt——— K= (Wt%l) ; . (8)

3

" which in integral form:

° ' - - F e J’

R t . |
d(wtsi) a ( 1
} S"_""“(wtsl) K& S at (9)
0 0 . |
yields - . oo
: (wesd) ‘ ”

(t -t ) (10)

2 303 log10 TWE?IT*
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‘where :

Nf = rate of elimination &f the impurity element

. . -3.-1 - ’
{solute) i, g mole cm “s

C? = bulk concentration of solute i, g-mole em™3
. K - overall rate constant, cm s T
A - melt surface area, cm? .
¢ v = voluﬁe of melt, cm3 . ) .
' wt$3i = weight percent of solute i
t =‘;time, s "o : -~

Equation 10 enables the overall rate constant K, to:be

calculated from the slope of the curve resulting from a plot of

P

log10 wt%i versus time. ’

The mechanism of solute removal through evaporation ocgurs

1

in a series of steps‘starfing in the ligquid metal and ending at

the condenser.

N

a

Ward[“'] 'considered six steps for the transfer of impurity
atoms from the bulk liquid metal to a condenser surface. These
were: . ;

(1) Solute transport in the bulk liquid metal to the
neighbourhood of the melt/vacuum ﬂouﬁdary, (

‘ (1ii) Transport through the melt boundary to the me;t/
vacuum interface, ‘ ,

1 -

© o (iid) Evaporation, A

! ’

. | .
(iv) Transport of the solute vapour through the gas phase

away from the clean melt/vacuum interface,

o

.
i AT AL b ARS e 31t Wi bt e i e

B TV P NS




o e

) ‘ 23.

(v) Transport of the solute vapour through the bulk gas

:

phase towards the condenser,
(vi) Condensation.
These steps would be more complicated and difficult to

analyse when one considers (a) the possible existence of the

'

surface active elements at the interface, (b) reaction of the
vapour phase solute metal atoms with other gas molecules which

may be present in the vacuum, e.g. oxygen.

- .ow

[44]

A decade later, Ohno considered the three limiting

transport steps ds: ,

{iy Transport of molecules through the bulk liquid metal
to the metal/vacuum interface,

(ii) Evaporation, ! .

(iidi) Transport‘Bf molécules through the gaé phase to
the condenser surface. \

Figure 4 shows these steps in schematic form. Of these,
the mechanism of liqﬁid phase mass transport rate and evaporation
can be reasonably well quantified on the basis Jf work by previous
researchers. However, mass transpor£ mechanisms through the ‘
vacuum space between the melt surfaces and the pﬁamber and
pumping systems are, as yet, less clearly defined and understood.

/The various mass transport steps are discussed in the
following sections and the -effect of each step on the overall f

. ! : .
mass transport coefficient is considered.

!
|
i
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{ II-3.D Mass Transport in Liquid Metal

The basis of solute mass transport through a iiquid melt

. 7 I .
typically involves the two processes of diffusion and convection.
g Transport process theory can take both mechanisms f%to

[45]. Danckwert's surface renewal theory, Kraus's natural

]

< account

convection model or Machlin's rigid flow model[46 can be used

to describe transport phenomena in inductively stirred melts

reasonably well[47]. The applicability of the latter model was

"t shown in a recent study by Irons et al.[48].

+

The Machlin model supposes that flow across the surface

' of an inductively stirred melt may be considered to be free

L3

streamline slug fiqy with no shearing velocity gradients present

N
within the transferring surface layer. As such, the volatile

( solute'is supplied to the surface solely by diffusion from
within‘%h&g‘surface layer. The flux of atoms to the surface i's

then given by a modified form of the standard Penetration Theory

first developed by R. Higbiel*?].

. 1:7" B * ! Il
i, 1ig = % ‘?i - ¢;) (11)

where E% is given as,

2 (12)

P Mt e
=
[}

taking
< 8, = =i— T (13)

(\‘ K m it “ o (14)
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' ) ' , !
N; lig = flux of solute i in liquid phase, g-mole cm-zs-
’
./ -
KL . = liquid phase mass transport coefficieqt, cm s
/ C? = bulk concentration of solute i, grmole em”3
- / * ’J [("j\‘ - —
Ci = surface concentration of solute i, g-mole cm-3
D, = diffusivity of solute i, cm® s™1
ei' = life time of volume solute i moving along -
interface, s
r = radius of crucible, cm
Ui = mean surface velocity of solute i, cm s-l

!

i

II-3.E Mass Transport at Melt Surface-Evaporation

In many metallurgical vacuum’refihiég operations, parti-
cularly those carried out under conditions of higq vacuum, the
rate of elimination may be limited by the rate of evqporagion'
of impurity atoms from the\surféce of thé melt. As a result, —
equilibrium is not necessarily maintained between liquid and gas
phase solute concentrations at the liqﬁid/vapour‘interface,
Under such conditions of hard vacuum Langmuir!>?251! hag derivea
on the basis of the kinetic theory’of gases, an expression for

the makimum rate of evaporation of a solute from a surface.

. Qa PT

: .
NY - ——— , ( 15 )
1.&V /ZTRIM, : -
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( where, for the dilute case
!
+ o * - X )
Ps PYY; X , | . (16)
and ‘
M .
* cu *
Xi —_ Ci {(17)

_pCu

Equation 15 then takes the form of K (pwa.//_gJ’\f

G oa 2PiMi o o 1)
i,ev i
pCuVZWRT Mi
- or
' N = K. C S (19)
- i,ev E "1
where
( a P® vy, M '
. KE - "1 i TCu ‘ (20)
p.. Y2TRT M, ’
Cu i
N; ov " maximum evapofative\fiyé/;;’;olute i,”
r
g‘-mol‘e\cm-2 st
A ' Qo = evaporative coefficient (u=l)

l

] ’ PI = equilibrium vapour pressure of solute i at
the interface, pascal
]
P; = vapour pressure of pure solute i, pascal
£ = Raoultian activity coefficient of solute i
* .
’Xi = mole fraction of solute i at interface
MCu = molecular weight of copper, g-mole"l

1
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»

.= density of copper, g cm

C. = surface concentration of solute i, g-mole cm_3

R = gas constant, 8.31432 x lp7 g em?s 2g7L g-mole

T = melt ;ampérature, K

M, = molecular weight of solute i, g-'mole em” 3

. .. -1
K = evaporation mass transfer coefficient, om s

J a

Equation 15 is only valid when a perfect vacuum is attained,
and all moleﬁules evaporating are subsequently removed or condensed.

In the latter caée, the distance between the evaporating and

condensing surfaces must be less ‘than the mean free path of the

" evaporating molecule or partial recondensation on the surface of

the liquid metal bath will occur (mean free péth’estimates for the

impurity elements considered in this study are given in Appendix
II). When the partial pressure.of the impurity element i is not

zero in the vacuum assembly, its rate of evaporation is reduced

according to the Langmuir-Knudsen equatiqn[ao’szl.
* ‘o
. a (Y - p))
Lev ™ o (21)
! 2TRT Mi ,
. | ,

« ,
Pi " = actual partial pressure of solute i (at the

interface or in the gas phase), pascal

II-3.F Mass Transport in Gas Phase

In vacuum refining processes, the ‘rate of elimination of

/

impurity elements may also be affected by the rate of transport

-
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of solute vapour away from the melt surface. This rate of trans-
f
port is not as easy to predict as the other two mass transport

rates mentioned above. Factors which must be considered are:
(a) pressure gradient of vabour, {(b) effective pressure of perma-
nent gas in the .vacuum system, (c¢) hydrodynamic factors and

phyéical parameters of the system[aol.

/

One can describe the rate of solute mass transport through

the gas away from the melt surface with the following”equation

. - K .
G . * b '
" = - -
Ni,gas o (Pi Pi)u (22)

where,

NY .= flux of solute i 'in gas phase, g-mole cm_2 s-l
i,gas

KG = gas phase mass transport coefficient, em ?-l

L

P = vapour pressure of solute i at condenser

. b
i
surface (P? = 0), pascal

[

) s

| Based on the set of equations given above, both Richardson

and bhho[54’55] developed mathematical models to-descr%be the
‘ |

kinetics of impﬁrity elimination by vacuum inductien meltiné. An-

equivalent model has been used in the present work. A critical

analysis of the parameters chosen is included in Chapter III.

[56]

Salomon-de-Friedberg also developed a model for the

" case of elimination of copper from steel melts. Mass transport

/ .

rates in the liquid phase and evaporation rates at the interfac

were described on the basis of Machlin's and Langmuir's equations.

[52,53]-

[52]
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( Mass transport rates in the gas phase were postulated to be

' »

N
directly dependent on the pumping rate of gas from the vacuum
chamber.  An implicit assumption that vapourized molecules were

t

evacuated from the equipment in gaseous form was made. -

S

II-4. PREVIOUS EXPERIMENTAL WORK

Numerous laboratory investigafions into copper'refining by
! vacuum treatment have been carried oﬁf since the 1940's. These
studies were performed both with the aim of eliminat;ng deleterious
impuri ief down to marketable grades of coppér and of decreasing -
: ingot porosity so as to improve the mechanical and ele?trical
properties. The efféct of variables such as oxygen and/or sulphur
) levels in the meit, melt temperature, vaguum level, mélp surface
( ] area to melt volume ratio, etc. were studied.

.
»

The information currently available on vacuum refining has
been collected and reported in the follpwing sections. Based on\‘
the type of copper treated, the information has bgen separated

"into thrée groups dealing with blister copper, anode and/or
cathode copper and copper matte respectively.

In addition, a patent survey was carried out and this also

is reported in the last section of the chapter.
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9 TR I TR SR W TR T 3 e o

RIS} ML P BT

\

P8 St st sah

bt Banet




R e e

"

LX)

otrn i i sy it <

31.

II-4.A Treatment of Blister Copper (or Crude Copper)
(26]

Kameda and Yazawa carried out some  experiments on the

refining of copper by vacuum indﬁction melting on 30 gram melts*"
and discussed.,on the basis of thermodynamic arguments the evapora-
tion of more than ten impurities. The average qliminations of
bismuth,.lead, arsenic and antimony were 80-95%, >90%, 30-70% and
30-50%, respectively, for the varidus initial soiute conceptrations.
The results indicéted that bismuth and lead eliminations depended‘
very much on increasing temperature and decreasing pressure, while
érsenic eliminations could be increased significant}y b& increased
dissolved oxygen leQel in copper.

Table 3 summarizes the impurity elimination levels reported’

by prewious workers.
Usiné the studies of Yazawarzsl as a basis,. R. Ohno[54’55’57]
was the first to investigate the kinetic factors involved in the
\evaporation of impurities from copper. Copper-silver, copper-lead,
copper—~bismuth, copper-silver-oxygen, copper-bismuth-oxygen and
cbpper—bismuth-sulphur alloys were melted in the range of 0.}-1.0
pascal (0.75 - 7.5 uHg) pressure at either 1200°C or 1300°C, while
being stirred either indugtively or mechanically by a rotating |
molybdenum disk operating at various levels of intensity.

Both bismuth and lead eliminations were more than 95%

(Table 3). The evaporation of silver and bismuth from copper

1
3

' |
%*
The chamber pressures in these experiments were not specified,
but from the data given a pressure of 100 uHg (13.3 pa) would
seem to have been typical. , .

J

A O 7 st e Kty AT




R - g AW HTE e T

A

2

N, - ‘
TABLE 3. Summary of the Reéults Available in Literature
g:ig:i- Pres. Temp. Time é{gv Elimination, wtl K(10—3cm/s) Ref.
Source kg u Hg °C Min n Bi Pb As Sb Bi Pb i
- Kageda 0.03 ] 100 1100 60 - 50-80 +90 10-30 50-~55 - - 26
: Kameda 0.03 100 _ 1200 , 60 - ;90 » +95 40-70 30~40 & -~ - 26
Ohno 0.1% . i-8 1200-1300 5-20 60 +95 +95 - - - ?-30 10-30 54
Bryan - O;Oé 80 1170 60 - 99 - - - - ] - - 59
Bryanl' ’ 4.‘0 20-200 1200-1300 50-60 - 80-952' - - - - - 58
Komorova 0.&3 10“_ 1200 120 - 50-80 50-90 50-80 50-75 - - 59
" Golovko - 100-500 1260 5-15 - 93 100 20 20 - - 62
Kim - - - - - - 75 30-50 40 - - 60
" Kametani 0.6-6.0  1000-2000 1200 Vacuum Lift 10 60-86 10-20 o A 20 - - 29
a Refining

Taubenblat 25 <0.1 1150-1300 30 7~ vi50 w50 - - - Cathode Copper 89

1. Overall rate constants were reported in different unit. -

2. Estimated from the graphs.

o
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{: both temperatures of 1200°C and 1300°C in evacuated systems were
found to follow first order kinetics. However, lead proved to
; . be anomalous in this respect. The presence of oxygén in the melt

~

(0.05-0.13%).dedreased the rates of evaporation of silver and

o

bismuth. Sulphur (0.11-~0.12%) also decreased raées of evaporation
of bismuth, although to a lesse; extent than oxygen. while the
rate of evaporation of these impurities seemed to be dependent on
the induction stirring rate of the melt, they seemed to be totally
insensitive to the rétatlonal speed of the stirrer., It was also

= s

concluded that for the experimental conditions studied liguid
phase trafsport was not rate determining but that the gas phase
mass transport determined the overall mass transport rate.

Bryan et,al.[ssj

studied the removal of only bismuth from
(x- 0.02 and 4.0 kilogram copper melts in a.vacuum furnace over a
range of 5-1000 uHg pressures. They congluded that the, rate
determin}ng step changed from gas phase transpért at preeeures
- in excess of 200 uHg, and apéroached surface évapor;tion control
at pressures of 10 uHg. It is not possible to\pompare their
results with Ohno's results since they used the unit of "rate
gonstant/cm se. l“ for mass transport w1thout giving melt surface
area or melt volume. Similarly percentage eliminations for 4
. kilogram melts were not reported. They féund with 0.02 kilogram
melts at 1170°C and 80 uHg éressure that 99% bismuth e}imination
could be obtained within 60 minutes. They also found that oxygen
\

and sulphur had a negligiﬁle effect on the transport rate in

conflict with Ohno's results.

- N
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\

L. Komarova , using 20-30 gram samples, studied the

\ ' R ,
behaviour of arsenic, antimony, bismutg, lead, zinc and tin during-

2 mm Hg) refining of the blister copper at 1200°C.

the vacuum (10"
It was concluded that- the elimination of metallkd’vapours would

/
increase in the sequénce $n-As-Sb-Pb-Bi-Zn.¢ It was also suggested

that arsenic and aﬁtimony would be evaporated'more easily in the

form of oxides.as these oxides are easily formed at 1290°C.\

Although tin will also form oxides at these~ temperatures, the d

nge//

of tin elimination was found to be

obtained are summarized in Table. 3.

low.

¢

“The amount,s of elimination

-

Between 1960 and 1965, Russian invésti%ators, on the basis
of'results obtained in laboratory scale experiménts[60"62],
Yeported that thévvacuum treatment of copper held sign%figanﬁ
promise. The behavieur of arsenic, antimony, bismuth, lead and v
zinc'were studied and the improvement in the properties of copper’
as a result of ﬁigher purity was discussed. The resul;s of these
studies are included in Table 3. ~

H. Kametani and C. Yamagcpi used a sopewh;t different
experiméhﬁal approach which they referred to as the 'vacuum liftj

163-65]

method of refining blister copper Experiments OT the

'vacuum lift' refining of molten blister copper were carried out

©

under reduced pressures of 1-2 mm Hg at 1200°C using copper samples

of 0.6 and 6 kilograms. The fundamentals of the vacuum lift

refining process were studied, experiments being carried out ) T
\

using a batchwise vacuum lift apparatus. ~The vacuum vessel was |
equipped with an oxygen concentration cell (of the lime stabilized

zirconia type), and a small crystal microphone for measuring |,

)

2




v

.

L}

oxygen pétentials and detecting the evolution of SO2 gas bubbles
i \ & ¢

.in the lifted melt. Following.vacuum lifts of 4, '14 and 25 times,

. , Lo ) ‘o
the average eliminations were:

oxygen (80%), sulphur (50-80%), arsenic (<20%),

antimony (20%), bismuth (10%), lead (60-80%) and

_ zinc (30-50%). J
. ' ]
The merit claimed for the vacuum lifting technique is that
° ‘ o
by maintaining turbulent conditions in the melt, a large surface

area is constantly exposed to vacuum. Consequently outgassing to

low concentrations can be achieved rapidly because gaseous products

are continually pumped away and steady-state equilibrium conditions
are nevér attained. 'The vacuum lift principle is also utilized in
the stream degassing of sggel and in the R-H (Ruhrstahl-Heraus)

and D-H (Dortmunt-Hoerder) steel processes. However, in the

[63-65]1

studies of Kametani’ and Yamauchi not much success could

\

be achieved in the removal of impurities other than sulphur and

oxygen as the above mentioned elimination percentages indicate.

5

¢ [

II-4.B‘ Treatment of Anode and/or Cathode Type Coppex.

Vaguum refining of anode copper and especially cathode copper

‘for the elimination of gaseous impurities (0,S) and metallic

impurities has been a prime concern to many metallurgists over

|
the past 40 years. This interest has been prompted by the rapid

. advance in electrical technology requiring improved electrical

and mechanical prppertieé. At the beginning of the 1960's, a
product called oxygen-free high conductivity copper (OFHC copper)

of extremely high purity (>99.99%]Cu) was manufactured by the

a2,
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., tests on up to 180 kilogramnmelts of copper @as repoxted[ssl.a A
o Ed

36.

t
- ¥

(661

United State Metal Refining Co. It was found to be of higher

quality than other OFHC copper which had been commercially avail-

o

able since the beginning of the 1930's. - . -
Generally OFHC copper is produced by melting selected

copper cathodes in contact with carbon in an elecsric(furnace
' ¥

under a protective atmosphere of carbon monoxide and nitrogen,

(671

followed by casting under the same protective atmosphere In

some OFHC coppei producing plants, deoxidantJmetéls were also
used[68'69]. Since the advent in 1930's of the conventional OFHC

copper process, alternative vacuum processes have been con-

sidered!®®785)  Tre common .aim in these studies has been' to

decrease the contents of the gaseous (oxygen, sulphur and hydrogen)

or metallic (arsenic, antimony, bismuég, lead, tin, zihc) impuri-

ties in copper thereby decreasing porosity and electrical resis-

\\apce and increasing density, ultimate tensile strength, relative

elongation and electrical conductivity. , In studying ways to

produce copper of superior quality to OFHC copper, more than 20

Istudies[ssnssl have been carried out; temperatures ranging between

s ® .
1180°C and 1460°C, and vacuum pressures as high as 300 mm Hg and

as low as 10"5

to 5-8 hours.
Since these studies were very similar only a few of the’

more s?lient features are mentioned below. »
Thus, ‘in 1948, construction of a vacuum furnace to condugt

[

series of experiments were carried out with cathodeacoppei at

e e\ e s e -
=

mm Hg have been tried for hol?ing time of 10 minutes

</

i
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1200°C - 1370°C under 5-10 uHg (0.005 - 0.010 mm Hg)' pressure with

holding time of 3 hours. Promising results were obtained and
-
copper with Iower impurity contents and better electrical and

mechanical properties coufd be producgd. The analyses of vacuum

cast copper in comparison with OFHC copper produced by conventional}

methods is given in Table {.
V. K. Gupta et al.[6 ] claimed that refining 2 3 kiloqram
charges of cathode copper at 1200°C, for 10 minutes at below 10 =3

mm Hg vacuum was adequate for producing certified grades of OFHC
[66,70]

1

ooﬁper Further, using higher temperatures and longer

holding times, copper of superior quality coulé_be prodyced. Eﬂis
copper had oxygen contents of <1 ppm, three times less than that
for OFHC copper. ghe study also claimed that it was possible t%
produce OFHC copﬁer/directly from fire refined copper pro&idedf
the initial nickel content was low. . N ’

Taubenblat et al. [85] studied the effects of time, pressure
and melt temperature on the properties of cathode copper,nmelted
and cast in 20-25 kilogram amounts, under a range of 0.1-1000 pHg
pressutes. "It was found that the concentrations/of sulphur, lead,
bismuth, tin and manganese cogld be decreesed. ‘Also, relative to
cépper cast under protective atﬁosphere conditions but not under
vaouum, better resistance to grein boundary éracking during
oxidation and hf¥gher elimination’of porosity could be ootainen.

In addition to these investigations on vacuum induction
melting of copper,/ the castabilitylof copper and copper‘glloys‘
in vacuum[86] have been stuéied as well as a continuous vacuum

| [87] [78,80]

pouring ladle . Similarly, electron beam

-~ [

and electric

[SURTRO
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TABLE 4. Analysis of Vacuum Cast Copper

‘;ﬁ

»

(18]

. $ in -
1Element % in OFHC Vacuum Copper
' / .
Hydrogen 0.00012 , 0.000008
: - |
Oxygen 0.00045 0.00004
Sul fur 0.0023 0.0001 *
Seleniym , 0.00013 /0.00005
Tellurium 0.0001 0.00005
Lead 0.0005 0.0001
‘J
~ /L‘
o
" . // ) M
/—~/} o
J
b
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arc[78’80’88] melting of copper were investigated. ©Even though

. . o . ¥ .
copper with comparable qualities to induction melting could be
produced, it was concluded by'F. N. Strel'tsov et al.[78'80] and

(88]

P. G. Clites that electron beam and vacuum arc melting as
, [ .

methods of refining copper free of Qas have no special advantages

over induction melting. Further, there are disadvantages owing to

difficulties with melt temperature control and over-cooling of the

melt as a result of excessive heat conduction through the sur-

rounding frozen scull of copper. : '

- '

T1-4. Treatment of Copper Matte

¥

Very little expefimental work has been performed in this
area. 1

Bryan et al.[58]

reported that bismuth removal from copper
sulphide was found to be considerably slower than from copper but
no quantftative results were given. ‘

In a léboratory scale vacuum furnace and vacuum lift
apparatus (analogous to the D-H process) H._Kamgtaﬁi, C. Yamauchi

l.[89-93]

et a investigated the removal of impurities from white

metal and mattes using samples dg 100 gram and 4 kilogram for a
vacuum furnace and a vacuum lift apparatus respectively, under /
reduced pressures of 0.5-%.0 mm Hg at 1200°C. Holding times of

one hour were employed for vacuum furnace melting, whereas 20

vacuumn lifts were applied in the vacuum lift apparatus. In vacuum .

furnace melting, the elimination of 'impurities from the sulphide

melt began to take place at pressures below about 10 mm Hg. The

evaporation of impurities was increased at a pressure bf ~0.5 mm Hg,

/
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and nearly all the impurities in the mattes were reduced below

‘0.1% after treatment periods of one hour. The range of elimina-
tions were 65-90% arsenic, 50-95% antimony, 60-95% bismuth and
100% lead. In the vacuum 1lift refining of matte average elimina-

tions were in the range of 85% arsenic, 60% antimony, 80% bismuth,

i
\

[91] 1

90% lead and 50% zinc |

-~

Experimental results for a series of studies on the vacuum
1ift refining of matte and white metal were further discussed com-

paring the D-H process in steel making and a tentative mass trans-

: fer model was proposed by the same authors[92’93].

[94]

In more recent work, R. L. Player studied the kinetics

of removal of lead and arsenic from copper matte in laboratory
(8-20 kilogram matte) and pilot plaﬁt (2 tonne matte) expérimehts.

¢In laboratory experiments at pressures of 0.1 - 1.0 mm Hg and

'

1150°C average rate constant results varied in the range of

3

3-26 x 10 ° cm/s foH lead and 5-17 x 10~ > cm/s for arsenic.

Similarly, in the pilot/plant experimenté’at pressures of 0.3~
1.0 mm Hg and temperatures of 990-1070°C rate constant results
|
were in the range of 4-25 cm/s for lead and 25-216fcm/s for arsenic.
- |

Results obtained for matte and white metal were more promis-

., B {
ing than for blister copper .

IT-4.D Patent éurvey

o

In order to completé this investigation on t?q present
state of the art regarding vacuum treatment of copper, existing

patents have been studied: N

o

o e bt o
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\

An apparatus for’éhe vacuum treatment of copper (or other
metals),in which g conveying gas is introduced into the recircula-
ting melt to impfove the mixing of the melt and therefore to
imprové the vaporization of the impurities hés been patente&[gsl.

3

Thg process is simiiar to the R-H process used for steel refin-
g[96]. The apparatus contained a melting chamber and two
concentrically arranged, separately evacuable, degassing chambers
in whicb liquid metal is circulated by a differential pressure
and the ac?ion of a conveying gas. It waé claimed that in 3 steps
using first oxidizing gas (air and/of oxygen) then reducing gas
(hy&rogen, carbonAmonoxide, hydrocarbon compounds, or chiorine‘
compoundslvand finally an inert gas, it would be possible to

\
eliminate arsenic, antimony, lead, selenium, telerium, sulphur

i
and oxygen to amounts less than one ppm. 'A detailed egplanation
of the apparatus is included but experimental data and the specific
kind of copper used were not given. . :

Thomas G. Hart developed a glass (!) and graphite apparatus
and from this a process for the treatment of electrolytic refined

copper (cathode copper). This is covered in 3 separate patents[97_

99]. He claimed that the removal of oxygen, sulphur, hydroéen,

lead, telerium and bismuth were tried by melting the copper in an !
excess of hydrogen and then exposing thin streams of the copper

to vacuum, prior to casting. Several forms of suitable apparatus .
both simple and complex are described in detail with diagrams.

No chemical or quantitaéive data are disclosed as to the results
obtained Q@th the described apparatus and. the process.

i
f
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[100] | e
A Japanese patent specifies that treatment of tough
pitch copper (cathode copper) in a vacuum arc furnace could provide

decrease of oxygen content from 10-30 to 8 ppm.

t[10%]

It was claimed in a Russian paten that copper can be

refined by melting and Holding it at 107t

-3

mm Hg at 1400-1450°C |

and then holding it at 10
[102]

mm Hg pressure. Similar to this a
Czechoslovakian patent claimed thail:'at 107% - 5 x 10 mm Hg
pressure passing ’hydrogex; or hydrogen and carbon monoxide mixture
under ‘the surface of the copper melt for 1-2 hours could eliminute
gasses from copper. No quantitative data is gi{ren for the;e three
patents either.. | '

‘ The International Nickel Company patemted a process for
refining of cement copper by a two-stage wvacuum treatment[103].
Copper (containing 5% iron, 1.0% sulphur and lO%loxygen) precipi-
tated from solution is melted in an ipduction furnace in air to
slag iron an‘d to form a copper balth containing sulphur and oxygen.
The oxygen content is maintained at least in excess of the sulphur
content but not so much as to produce a separate cuprous oxide
phase. After removing the slag from the copper bati'x nl?r;gen or,
a mixture of nitrogen’'and hydrogen is passed through the melt at
0 76 mm Hg pressure so as to lower the sulphur content to less
than about 0.001% and the oxygen content to about 0. l%. The
pressure is then decreased to 0.075 - 0.15 mm Hg at 1200-1400°C

After holding for 1-2 hours and deoxidizing, the melt is cast.

. It is claimed that coi:per containing 0.1% arsenic, 0.1% bismuth,

0.1% lead, 0.0l% selenium, 0.01l% telerium, 0.1% tin and 0.1% zinc
, i

¢
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( can be treated by this process and the residual content of arsenic,
bismuth, lead, tin and zinc can be lowered to lessa than about

0.001% while selenium and telerium can be at least halved. The
) " .
fin51 copper contained < 1 ppm sulphur and < 25 ppm oxygen.

In addition to these patents, processes for vacuum treatment

[104] [105] o

of copper-nickel scrap and copper-chrome alloys

eliminate impurities such as lead, tin and zinc were also patented.

l

!
A process for vacuum treatment 0of copper matte {or white

matte or speiss) has been patented by Japanese[losl. In the

process, 100-300 grams of matte samples were treated at 1200-1250°C

and pressures of 0.01-30 mm Hg and eliminations were as follows:
: 1
Arsenic >80%, antimony ; 50-80%, bismuth ; 70-90%, lead ; 100%

and zir;.c ; 75—99%.f! " |

( As mentioned above, only two of the pateﬁts give detailed

‘ [103,106]

guantitative data . Also the industrial scale application

. 2 |
|- of the processes and specifically the treatment of copper produced

by continuous processes are not mentioned in any of them.

II-4.E Summary of Previous Experimental Work

§

The resulf;s of this study on the state of art in the vacuum.
treatment of copper can be summarized as follows:

1. It is shown' theoretically and experimentally that it is
possible to eliminate gaseous or metallic impurities from copper
by vacuum treatmént at pressurés of < 1 mm Hg and temperatures
of 1150~1400°C. iaetter results with bismuth, lead and zinc could

-——be-obtained compared to arsenic, antimony and tin under neutral

conditions. : ‘ Ce

&2
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c 2. Even théugh some doubt as to mechanisms exist, a kinetic
model to explain the system of evaporation of impurities from
copper is available and it is shown that under vacuum, the

I
evaporation of metallic 1mpur1t1es are gas phase controlled.

ohno 497501

aj\d Bryan et al.. were the only one:i who attempted to
do kinetic studies of the process both at laboratory scale. \
3. Imprcvement in the quallty of copper produc?d by vacuum
treatment will depend: ma:.nly on hlgher temperatures {(up to 1400°C) .
\ and lower pressures (<100 pHg).

4. It is poss&ble to 1mprove mechanical and eiectr:.cal |

. properties of copper by vacuum casting.

- 5
5. The possible effectﬁg,h ding}witer cooled condenser .
° close to melt SW yet been studied. ’
( " ‘ ' 6. Most of the work carried out on vacuum refining of

copper has bee laboratory scale, except for the two reports,
nmentioned above 68, 74] .

7. There ‘ re no known commercial installations currently
in use for vacuum refining of copper.

8. Vacuum refining of copper produced by the continuc;us
processes"(such as the Noranda or Mitsubishi proéesses) have not

been studied and reported in the scientific litelrature, nor does

it seem likely that any such work is covered by patents, at the

present time. ‘ L
) «
9. Higher percentages of impurity evaporation are obtained

with copper mattes compared with copper melts. This indicates

-

- that it may be worthwhile to carry out studies on the vacuum

(} treatment of high grade matte. ' N

o
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10. Thél vacuum treatment of other metals such as steel
/

and lead is weli)established.

<————\) Ed
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_a function of the liquid phase mass transport coefficient, RL'

CHAPTER III,

DEVELOPMENT OF MATHEMATICAL MODEL AND A CRITICAL

L4 © 1y

ANALYSIS OF PARAMETERS, USED

III-1. DEVELOPMENT OF MODEL ) I >

1

As shown in the ‘previous chapter, the glﬁpination of
impurities in vacuum induction melting generally follows first
t N -
order kinetics. As a result, the overall mass transport rate

can be described by an equation of the form:

|

2.303 log ———= = =K g (t-t,) L (10)
\ (wt%i)0

|

Here, the overall mass transfer coefficient, K, will be

¥

the evaporation mass transfer coefficient, KE,,the gas phase

mass, transport coefficient, K;, as well as being potentially
dependent upon the presence of oxygen and/or sulphur and other

réactive elements either dissolved in melt or present in the
[43,46,52)

! a

.gas phase.

Ligquid phase mass transport and evaporation can be des-

cribed with reasonable accuracy on the basis of the Machlin[46]

lsor_respectively. Mass transport

and Langmuir-Knudsen gguations
of impurities through the gaseous phase can be interpreted om
the basis of the theory of molecular resistance to diffusion in

gases and related to the above mentioned rate equations.[40’52’53]

'
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\
When the partial vapour. pressure of the impurity element

is npt equal to zero at the interface, ltS rate of evaporatlon
is less than its lJ.mJ.tJ.ng maximum value, and is glven by

Egquation 21.

. a{PI - Pf) -2 -1
= ————— g-'mole cm “s

(21)
L.ev /ZTRIN,

©

Similarly, the rate of mass transport in the gas ppase

4
away from the melt surface can be represented in terms of

I

Equation 22.

%

i,gas ~ RT
\

(p} - P) g-mole em 257! (22)

Taking the vapour pressure of the lmpurlty element at the
conde&nsmg surface aw?y from the melt as zero, one may substitute

the' value of Pi into Equation 22 from Equation 21, yielding
C

TRIM, : ' :

Ny (——2 + F) - P (23)

\

The equilibrium vapour pressure of the impurity element,
' - '

PI, ig given by Equations 16 a;fd 17, i.e. . |
" , |

FLdaty Sasr  Limdbiten ssecitatis (4
.

N

M *
P* = Py, EEEci (24)
| ¥ Cu 1
. \ \
so that, :
N f
. DA, Y2TRTM, P ~..RT
Ny (— =+ cu )= c; . (25
’ [-]
@ Py vy Moy i, Vi Moy %o




-
=3 ! e

«

.The molar flux: of impurity i through the liquid to-

.
melt interface is given by > ‘
NY K. (B - ¢ .
\ : i,1iq " ¥p(¢ - &) | g

\ &k
‘ Combining Equations 25 and 1l to' eliminate C;: -

“ .
o (1L, PufTR T PeyRT B
\ . preeaand —a-]———-————. i -—6-—-—-——————-—-—. - = .
’ LK oFy YJ., Mey Py Y:1.{.,A4Cu .KG
) |
Defe;ung Kp aqs:
, . '
K = ¢ Py v Moy . , .
E .
pCu»/ZnR'nMi {
and rearranging Equation 26, yields
peflo Ll o, Pl N o T
R T ST L F i __—
Similarly, defining KU as CL
o “ °-
K = KG MAQLI Pi Yi ’ o
‘ .y CRL
: Then
. 1
a -
Ny —r—T ) S
Tl
L E U

. |
Which is equivalent to the mass ti%nsport equgtion

B ' -
" - .
Ni Kcigmoles

1 - L]

1 '

the

(11).

(26)

.(20)

&,

(28)

(29)

(30)
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|
]

Thus, the overall mass transfer codfficient, K, is related

and gas phases according to

g
L v

NVA

1 1
=gt

For simplicity, the overall rate of mass transport can be

' .. o . . .Y
to the assumed three resistive steps, in the liquid, interface,

(31)

rearranged in terms of weight percent. Thus, for dilute solutions

3
a

B pCu

i T T00 M, wtdl

Cc

Consequently, for a well stirred batch system of volume,

v

'

) . (32)

\

t

V and melt surface area, A, one may write on the basis of the
> v

-d (wt%i) ia
, dt

( . continuity equation for species, i, that

A .
T K (wt%i) -

-

<

(8)

In equation 8, K can be obtained from experiments while

[

KL and KE can be ij;ﬁmated from the empirical equations provided

S|

I3

8D,U,
K - i1
L T
-4
K% - @ Pyvy Moy
E TR
vpCu TrRTMi

necessary thermodynamic and~kiﬁétic data are available. Taking,

(14)

' %

(20)

ﬂ -

Then by differenge” from Equation 32’~KU can be determined

]

and finally K. can’ be deduced.

] °
fy
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(: In the following sections, the terms forming X, and Ké

will be discussed in more detail. X, is not included in this

. L]

discussion, since e terms in the equaiton are self-explanatory.

o
¢

III-2. ANALYS PARAMETERS IN LIQUID PHASE
MASS TRANSPORT COEFFICIENT
) ) J

Diffusivity, Di:

<

a

’

A thorough literature suryey revealed the absence of

published data relating to the diffusivity of the impurity i

elements arsenic, antimony, bismuth, lead etc. in liquid copper

109]. As a result, theories on the diffusivity of solute atoms

[107~-

-~ . in dilute solutions had to be reviewed and adopted to estimate the
‘ {47,52,109~

diffusivity of these impurity elements in liquid copper
(', 111] ’
. ~- ) }
Using equations of Walls and Upthegrove, Stokes and Einstein
and Sutherland[szl, diffusivities of bismuth and lead i liquid

N copper were estimated (as shown in Appendix III, TableN\III-1l) at

~

temperatures of 1150,11250 and 1350°C. The values obtained fell
o 1 .
in the range of 1-3 x 10-5 cmz/s for both elements. Since
experimentally none of the theoretical equations are necessarily
. ’fo ﬁ/be\?e more accurate, DBi or DPb were somewhat arbitrarily
aken as being 1 x 107> cmz/s at 1150°C. Similarly using the

:

° . .0 . . Lo
general Arrhenius Eguation* and choosing typical -activation

energies of 15-30 Kcals/g-mole, values of Dléso and D1350 were'’

(52], , - D -AE/RT

o . .

C " / | ’

- * Arrhenius Equation

[P VRLEERE N e
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A

5

estimated as 2.0l.x 10-5 cmz/s and 3.7 x 10 cmz/s, respectively.

Similar procedures were adopted for estimated diffusivities ate
1423 and 1523 K, the palues being included in Table III-3 in
Appendix III. | o |

A summary of the calculations of diffusivity values and-

the formulas usgd are included in Appendix III.

o

Mean Surface Velocity of Melt, u

On the basis of visual estimates, for a variéty“of
: e
induction melting furnaces ranging from 0.1 kilogram to 908.0

kilogram, Machlin(4®] founa melt surface velocities to be =10 cm/s

\

(within an order of magnitude). These- estimates were based on’

radial moFionmof particles-floéting across the top of the melts.

[48]

Using the same method, Irons €t al. obtained a value of about

)

20 cm/s in 55 kilogram:pig iron melts. ¢ . |

x

Similarly in much bigger size steel melts (0’.3-45.0 tonnes)

[112]

Szekely and Chang measured the mean velocity as 15=40 cm/s.

Tarapore and Evans in mercufy pools weighiﬁg up to 275 kilogram
{113,114]

a

obtained values of 2-8 cm/g

'For the present vacuum induction system, a mean surface
velocity of 10 cm/s|was taken as being a representative of the
mean surface velocity of the molten coéper bath.

Liquid pha#e mass transport coefficients were calculated

at different temperatures following Equation 14 and the reasoning

outlined above. These are included in Appendix III.

13

7, . . .
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III-3. ANALYSIS OF GAS PHASE MASS- TRANSPORT COEFFICIENT
b
J .,
As mentioned- earlier, the gas phase mass transport
1

coefficient is not readily accessible to quantitative evaluation.
It is difficult to determine the partia}/pressure gradient of
impurity vapour as well as its bulk value in the vacuum’'system.
It is also known that the vapour pressure is difficult to treat’ -
analytiéally in a gas stream whose molecules are moving pre-

dominantly in*one direction. Ehefmodynamic quantities are defined

for systems at equilibrium and cannot be used rigorously under

other conditions[4o].

KG' the gas phase mass transport coefficient, is con-

‘

\ ,
sidered to be\proportional to a power of the djiffusion in the

gas phase ranging from unity to fractional values depending on

the convection currents generated in the vacuum chamber.

Based on_an early work by Sherwood and Cooke[53],
[

Richardﬁon 52] defined KG as being inversely proportional to6

~

vacuum pressure.

Ké = Gas phase mass transport coefficient character-

istic of the system,

P = Ambient pressure in chamber

. . f
This relation would also hold true for the overall mass

transfer coefficient, K, provided the gas phase résistance,

i Tt ey &
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[53]

, and this would tend to ogcur at higher

1/K dominates

GI
chamber pressures. Ward[42] mentioned that with steel melts,

evaporation of impurity elements became independent of pressure —,

below 10 pascals, but was pressure dependent above 10 pascals.

The pressure level for a given system naturally depends
. . :

¢

on the pumping rates, melt composition and témperature. Similarly,

the gas phase mass transport coefficient can be effécted by the

presence of oxygen, or other active components in the gas

anse[lls-llal. Heat transfer on the condenser surface may

also effect K [%1?]. These effects have not been mo@elled in

G
the present analysis,

) 1

1 . T kS
ITII-4. VAPOUR MOLECULES CONTAINING MORE THAN ONE ATOM

(DIATdMIC/COMPOUND GAS SPECIES)

-

The mass transport equations given in the previous sections

~

referred all to monoatomic vapour molecules. H?wever, bismuth,
arsenic and antimon§ can form the following molecules: |
Bi, Bi, - | \
As, Asz, As3, As4 "
Sb, ?bz, Sb4
' n
The equilibrium vapour pressure of the:impurity élement

(Equation 16) for molecules containing more than one'atom ig:

+ ° * X : 4

R N

ROV N
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! ’ /
where J )
x=2,3,4
For the case of diatomic moleéules; '
' - *\ j
P} = vy - % )P (35)
o 2 2 .t 2 -
or, since it is in dilute form:
_ M . .
Bl = (52 ¢ )P (36)
2 2 2 "Cu 2 ‘
Rewriting Equation 15 taking the new value of/?+,
’ ' i
oP] Yioo-om, \2
T : 2__Cu | (c7)? (37)
Lt VZTRTN Peu 2 3
‘ 2
Converting concentrations into weight percent,
[} ‘ ——-
d(wtsi,) P Y12 M2 .
2 A 2 2 Cu . 42
— = 5 ‘ (wtsi,) 38)
. /ZwRTMir Cu lOOMi
2 2

The evaporation mass transfer coefficient then takes the follow-"

ing form for diatomic gases:

1

|

(39)

2
[+] .
Pi Yf MCu
1 £ 2 2
Ei, /ITRI, Pou 100 M,
2
_ R

2 /

]

L

,
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III-5. VARIABLES AFFECTING "OVERALL MASS TRANSPORT COEFFICIENT
\ /

. For the experimental ﬁrogram, it was considered that the

overall mass transfer coefficiéTt for the removal of impurities

.

from blister and/or anode copper could be effected by the fol-

lowing parameters:.
1 - Meit temperature

2 - Vacuum pressure

3 - Melt surface area/meltr volume _
\ o

4 - Distance of condenser|to melt surface

5 - Time span of vacuum treatment - processing time

\
6 - Type of crucib%s material used - reactidn with -
5%

N

refractories
7 - Oxygen content in tK/ melt .

8 - Sulphur content in the melt :
I

In this sgudy the first six parameters were studied and

; .
are discussed in detail iqfthe following sections.

/
i |
/ !

-63/ COMPUTER PROGRAM

~ \ I ;
A computern program was written in FORTRAN, and compiled

and. executed op/ an IBM system 370 model 158 computer. «

—

The program was based on the equations given in the previous.

sections. .Cartain simplifying assﬁmptions were necessary for
applying the formulae and techniques of the model. The most
important ones were fhat the melt surface was clean, that inter-
$c§ions between gvaporating species were negligible, and that

- K
possible chemical effects (i.e. 0xidaﬂion) above the melt surface

¥
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(;

the logarithm of the relative change in éoncentration.pf the

- o e -
ammann fom————r -

| - 7
were either unimportant, or insensitive to changes in melt

temperature and degree of vacuum.

A copy of the computer program appears in Appendix VI.
For each experiment, the program carried out the plotting of
impurity element versus time, calculation of the slopes following
regression analysis, calculation of) the correlation coefficients

and determination of K, KE' KE’ KU and KG respectively. . Lt

1

£
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CHAPTER IV

EXPERIMENTAL WORK

IV-1. EXPERIMENTAL PROGRAM

N 7
The experimental program consisted of four parts involving

a total of 20 exﬁeriments. The first three sections dealt with:

s

the removal of bismuth and lead from copper, while in Parﬁ v
studies on the simultaneous removal ?f bismuth, lead, drsenic.
and antimony were considered.

N

As mentioned in Section III-5, it was decided, in the present

study, to investigate the effects of six variables (vacuum pressure,

——

melt temperatute, melt surface area to volume ratio, distance of
condenser from melt surface, type of crucible material and pro-
cessing time) on the overall rate constant, K, for the removal of
impurities from copper. Four of these six variables (vacuum
pressure, melt temperaturﬁ, melt surface area to volume ratio and
distance of condenser from melt surface) were chosen for study

in Part I and II. (The remaining two were studied in Part III.)

4-1

In Part I, a 2 -level fractional factorial test design

was utilized for the purpose of screening these four variables
so as to determine those most significantly affecting the rate

[120]

of removal of bismuth and lead from copper . . Altogether /

eight experiments were carried out.
Once the results of Part I were known (vacuum pressure and
o §
melt temperature were found to.be the most effective variables),
!

Part II experiments were planned. Six experiments were then

s s
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carried out to obtain a relationship in between the overall rate

constant, K, and vacuum pressure and melt temperature.,

J

The effects of different crucible material and processing

! ¢

time together with reproducibility of the experimental results
l 4

were investigated iQ four experiments:in Part III.

In Part IV, the removal of bismuth, lead, arsenic and " |

antimony were studied in twd experiments.
|

IV-2. APPARATUS

IV-2.A Induction Furnace and Vacuum Chamber

Experiments were carried out in a 150 kW, 3000 hertz Tocco*
induction furnace énclosed in a 2.25 cubié meter vacuum chamber,
shown in Fiqure 5. The system was constructed Ey Deltec;* 5y§£ems
Inc. The chamber dimensioAs were 1.5 meter in diameter and 1.8
Qeter in length. The induction furnace contained within the
vacuum chamber was connected to four flexible }nsulated leads\
which provided both poﬁer and cooling watér. These: flexible power
connections permitted furnace tilting for\castinélo?t the melt. -

The coil diameter Qas 35 centimeter and maximum steel

melting capécity was 180 kilogram. Power was supplied by a

|
3000 hertz, 150 kW, 800 V, 188A Tocco Motor GTnerator.***
. v I

s

| ;

_* Manufactured by Inductotherm Inc., Rancocas, N.J.
** Deltec Systems Inc., Primrose, PA.

*** Manufactured by Reliance“Eiectridal, Cleveland, Ohio.

~
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Figure 5.

¥

Vacuum induction furnace and the control system.

1
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" ! |

Auxiliary equipment on the vacuum chamber (Figure 6)
included an.alfoy addition chute, four view ports (one for an
opéical pyrometer), three sampling probes, one temperature measure-
ment probe‘(for diﬁ tip’thermocouple} and a water coole? cbndensg
designed specifically for this study.‘ The condenser, cylindrical >
in shape, with the dimensions of 15 ceﬂti;etér diameter and 4

centimeter depth was fabricated in steel. It was designed for

lateral and vertical movement (Figure 7-a and 7-b). |

]

Iv-2.B Pumping System

The vacuum chamber was evacuated by means of a two-stage ;

pumping system éonsisting of a Stokes mechanical pump (nomina}

l -
capacity = 0.142 m3511) and a Roots' Blower (nominal capacity =

0.614 m3s-l). The blower was set to start automatically at

pressures below 2500 pascal (Figure 8).

IV-2.C Pressure and Temperature Control

In all experiments 'pressure was measured using a standard
McLeod Gauge* which was accurate to within 10% at pressures below

|
300 pascal. At higher pressures two electrical resistance vacuum

]

gauges (one functioning below 2700 pascal and the other below\

150 pascal) were also used. N . ’

B

- Melt temperature in all experiments were measured with

Pt/Pt - 13% Rh thermocouple contained in a pure alumina (>99.8%)

i

sheath. They remained continuously immersed in the bath during.
1 (

* Supplied by The Virtis Company, Gardiner, N.Y.

A o e S Sk %




Figure 6.
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Varipus components. B
17 Viewing ports, 2. Sampling and Dip~tip thermocouple reds,
3. Bridge breaker, 4. Optical pyrometer port,
5." Melt lancing port.
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Figure 7-a. Inside view of the”vacuum chamber. (Condenser on the side).
| ¢ 1. Condenser, 2. -Induction furnace, 3. Filter to the
pumps, 4. Chamber surface, 5. Pt-Pt 13% Rh thermocouple,
» e 6. Dip-tip thermocouple, 7. Sampling rod and the graphite
cup, 8. Viewlng ports.
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Figure’ 7-b. ‘Inside view of the vacuum chamber. (Condenser in its
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)Due to the complex structure of thé chamber, the location and

repair of leaks proved difficult.

helium leak'detector.

_** gypplied by UJohn Fluke Mfg. Co. Inc., Mississauga,

65.

°

Py
o ]

experlmgnts (+< 1.0% accuracy). As a second means of temperature

o
control, Pt/Pt - 13% Rh, Dip-Tip . Type R* thermocouples mounted on

the temperature measurement probe weré also used from time to
’

time during experiments. Both of these thermocouples were con-
neéted to a 0-200 mV range digital voltmeter.** ‘

. Preésure waslcontrolled by injecting nitrogen into the
chamber while running the pumps at full capacity. The ga;\
injection point was located in tﬁe éen%gr of]the back wall of
the chamber. ) ) Q

~ At times; minimizatién 6f*air inleékagé into the vacuum
cham%er could be difficult, especially at low operating pfessures.

i

This caused serious problems
in earligr studies carried out with t@}s eduipmept[lZI'lzzl.
chamber ahd pumping systgm weré regularly leak-checked using a
Testing and éubsequent repair of leaks

lowered the minimum operating pressure (that .is the pressure at

which the -pumping capacity equals the rate of inleakage) to

" 4=5 pascalElzz].

Melt temperature waé'cont;olled manually by adjusting the

ppﬁer input to the furnace.

¢
| v

o : . | -

* Supplied by Leeds and qgrthﬁup, Elliport, PA.

Ontario.
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Tables 5-a and 5-b.

IV-2.D Crucibles

Ih all the experiﬁénts which were lébeliéd with “F",o
Tercod* = carbon bondéé silicon carbide and graphite crucible -
crucibles were used. Similarly, in the experiments which were labelled
with "A", Hycor Aiumina** crucibles were utilized.

l
Two different dimensions of Tercod crucibles were used:

i) #30 Tercod, ID = 19.0 cm, H = 25 cm
ii) #50 Tercod, ID = 24.0 cm, H =.25 cm
The dimensions of the Hycor Alumina crucibles were

ID = 20 cm and H = 36 cm. ' &

,Chemical analysis of these crucibles are included in

IV-3. SAMPLING AND CHEMICAIL ANALYSES ‘

Samples of the melt were taken}in all the experiments

|

o l :
using graphite cups at 30 minute intervals. A sampling probb

with a graphite cu? attached was lowered ﬁhroﬁéh\the sampling
port. The cup was immersed inté the melt a few times in order
to ‘ensure complete’fillingz This procedure had minimal effect
on vacuum levels,‘sinée double vacuum seals we;eﬁincSrporated in

the furnace sampliﬂg facility. Similarly, power supply to the

- -furnace remained uninterrupted during sampling providing ‘excellent

'

temperature stability. . o

* Supplied by Ferro Electro, Buffalo, N.Y.

*% Suéplied by Engineering Ceramics Co., Gilberts, Ill.

[
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TABLE 5-a. * Chemical Analysis of Tercod Crucibles; wt% '
Compound wt$ Compound wtg
sic 44-52 A12037 5.0
c 23-%6 Fe203 0.7
sio, 11 glaze 3.0 J
-~

!

TABLE' 5-b. Chemical Analysis of Hycor Alumina Crucibles, wt%

Compound

wtd Compound wtd
- ]
A1203 88.? TJ.O2 0.10 .
SJ.O2 11.2 Kzo 0.0? .
] ?e203 0.15 MgO ° 0.03
Na.,O - 0.12 Cao ’0.02

2
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( » The dimensions of the graphite cup (Figure 9) were:
inside diameter = 2 centimeter, height = 5 centiméter, with a

capacity of providing 20-30 gram copper samples.’

.

After selected experiments, samples of ‘condensate from

the condenser and other locations inside the chamber were collected

by scraping the powder from the surfaces. In addition, samples
of the metallic accumulations above the melt level on the inside
surface of the crucibles were taken for chemical analys&s.

- Samples taken by graphite cups were first separateé from .

\

the graphite by hammering and then cut into small chips. Two

- to three gram portions of these chips would be dissolved in
nitric acﬁa and analysed for bismuth, lead, arsenic or ahtimony
using\atomic absontion spectrometric techniques.

(7‘ Samples of condensate and‘metallic accumulations were

/
b analysed similarly.

b i
'

IV-4. MATERIALS USED

i . ' i
The following materials were used in the experiments:

copper as the melt; bismuth, lead, arsenic and antimony as

"~
I ,alloying elements; grhp%ite for sampling cups and nitrogen to

| s provide an inert atmosphere. '\ y
L Copper: Electrolytic tough pitch copper with théﬂtréde name |

of F-1100 copper bff—cuts.* Nominal composition was +99.9%

copper by weight.

- * Supplied by Noranda Metal Industries Ltd., Mohtreal, P.Q.

.
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( © Alloying Elements (bismuth, lead, arsenic, antimony): These

. -werée all pure grade lumps with nominal Eompositions of 99.9% by

weight.*

. ‘ Graphite: ' Commercial grade graphite rods, machined to .
-

®

specification.**

Nitrogen: Commercial grade in cylinders: capacitm_7m3,

298 K, 1 atm.*** '
IV-5. EXPERIMENTAL PROCEDURE

The following procedures were foflowed dpring the pre~
baration and cpnduction of an expefiment:

1) The selected crucible was placed in the furnace. The
bath thermocouple was then assembled an§ inserted in'one—end
( : élosed alumina insulating tube and then placed inside the

~

crucible. Thirty-four kilogram of copper and a preselected

quantity of alloying elements were then placed in the crucible.
. ]

In some experiments, alloying elements were also added into the

! liquid copper fcllowigg coTpletion of charge melt down. In all

. experiments, the alloying elements were wrapped in a copper foil

to ensure precise recoveries.

» 2) The vacuum chamber was cleaned, lubricated and closed.

After all the ports had been closed, the chamﬁer was subjec?ed

i -

| ( '
* gupplied by American Chemicals Ltd. and Anachemia Chemicals
| Ltd., Montreal, P.Q.

l N
* *x Suppliedj?y Union Carbide Ltd., Lachine, P.Q.

' \\\ - ¢ '
- *** gupplied by Welding Products Ltd., Montreal, P.Q.

<
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to vacuum, pumping ‘being carried out at full capacity for

30-40 minutes. Provided the minimum operating pressure had
1

been obtained and stabilized, the experiment proceeded. If not,

the experiment was aborted, Fh

ystem checked for leaks, and

-

I
any necessary maintenance cartiad out.

3) Once the desired presStre had been obtained, pumping

. stoppéd and nitrogen was injected into the chamber until the

pressure reached 40,000 péscal.= The purpose of this back filling

.operation was to eliminate possible splashing during melt down

el

and to provide better control of the melt surface area to volume
ratio. . ‘ .
4) Induction heating of the charge began toward the end

of nitrogen injection. Heating up and melting usually required

' some two hours.

r «5) Following charge melt down, pumping was again started

and continued until a minimum stable pressure had been attained.
After approximately 30 minutes for complete degassing, the
pressure was adjusted to the desired level by leaking nitrogen

i i N

f

into the chamber.
' 6) Over thig period, the meit temperatﬁre was adjusted
manually by changing the level of power input to the furnace.
7) In the case of the condénser being used, it would then
be relocated agqve the melt at this time. (Samgl nd Eeﬁbera-

ture measurements were possible with the condenser in its

operating‘gosition.) ' _ ' . .
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8) The first sample was taken once the experiment tempera-

ture and pressure had stabilized and this was taken as the

starting point of the experiment (time = to) .

| 9) Pressure and temperature were monitored continuously

4

during the experiment and deviations from set values minimized.

10) Samples were .taken every 30 minutes.
\3
11) On completion of an experiment, the condenser, if

4

present, was removed; pumping was stopped and the valve opened

to allow air into the chamber. | i \
12) The door of the ydcuum chamber was opened and the melt

was cast into the iron moly, ‘

- 13) Finally, all samples taken during the experiment as N

| .

well as the cast of copper, weré weighed.
14) After collecting the condensate samples, the chamber

was cleaned and p,repgd for the next experiment.

%

IV-6. CRITICAL ANALYSIS OF THE EXPERIMENTAL ~ Con

TECHNIQUE AND AN ESTIYMATE OF ERRORS

Generally, it was possible in all ‘the experiments, to

control variables within close limits of the set values without

encountering ‘any difficulties.

\
N 0

o In the preliminary experiments, it was observed that new

Tercod crucibles (sometimes) caused bubbling* during the course

of an experiment, making the melt surface area to volume ratio
| R

o i
\

* It is possible that hubbling occurred due to reaction of a
surface coating on the crucible with air leaking into the system.

4

' . v 2
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!
value questionable. After two to three melts using the same
crucibie the bubbling phenomenon ceased. As the same crucibleu

could be used for 8-10 melts, bubbling was avoided by using the

‘same crucible after.making two to three dummy melts. This problem

did not occur with Hycor Alupina,cruciples.

" During_sampling and casting the melt, some splashing-
occurred but this was not in excessive Amounts (always less than
200 gram copper) and wasztherefore treated as being negliglble
in terms of melt charge weight.

Similardy, in all the experiments, the melt surface was

1}

mirrOﬂ like in appearance and apparently clean of any contamina-

ting surface films.

{

/' The minimum stable pressure which could be' attained was

60 uHg ka pascal), the air leak rate into the system being in

3_~-1 [122]

the range of 5-15 cm”s —, under standard & nditions.

Melt temperature, melt surface area to volume ratio, the
. h
distance of condenser from the melt surface, sampling time and

location and chemical analyses were qil held in close control

~ N

. s ~{
during these experiments. .

The reproducibility of the sampling, chemical anaiyses

and experiments themselves were investigated dsing statistical

analyses. The numerical results obtained are included in the:

t

following chapter.

!
1

For each experjment, correlation coefficients were calcu-
. | .
lated, so as to determine the significance of the—overall mass

transfer coefficient, K, used in the kinetic analysis.,

i

!




o w e e RSO TeAmk Lms e e

N

estimated for the variables listed below:

b T 7 P A€ Comabnen it

I

H

e e e e

74. .

Estimate of Error: The following accuracy limits were

Pressure:

Temperature:

A/NV:

t5%

£1.0%

'

+0.5% '

Distance of Condenser:

+0.5 cm

Chemical Analyses:

+10%
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- CHAPTER V.

RESULTS

- V-1. PRELIMINARY WORK

, -
At the beginnipg of the experimental work, three

v

preliminary experiments were carried out to investigate
!

‘melting and casting procedures, melt attack and\crucible

endurance, techniques for controlling experimentallvar
and sampling.’ ,

Preliminary studies i;diéated that the duration of
each vacuum te#% shouid not Be less than 120 minutes in |
order to obser&e the full effect of the coAditions being
appliéd.‘ This redujred that each experiimental test take

about 4-5 hours. The selection of four, variables ‘ study,

in conjunction with these extended time periods and experi-
mental costs, necesgsitated that a statistical test design

be carried out, thereby reducing the total number of experi-

ments required. To this end, a 241 fractional, factorial

[120];

!

test design was utilized This design facilitates

screening the most influential factor or factors’ effecting

the overall rate conétant, K, fpr Bismﬂth and lead removal

1

from copper. N

oo (33, 2
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V-2. TWO-LEVEL FRACTIONAL FACTORIAL -

\ TEST DESIGN : T N

i ' P
The purpose of a fractional .factorial test design

is to obtain information o\n the main factors and interactions
\ “ )

\
using a smaller number of observations than would bé required

by 'a complete factorial- test design. ,With the help of. this

‘test design, the best combination of experimental treatment

s

conditions for maximum ellmlnatlon of solute impurltles can,

be determined.
}

allow one to estimate the influence bf those»interactighu

Similarly, the methods of evaluatloﬂ can

which are negiected, 'andﬂat ‘the" same time S de) asses.ve_a‘ny,

pof:ential (but unanticipated) importance they might have.
In rthis design, all four mein effegﬁs' aré clear of.

two-factor i“nter‘actions, but two-factor interactit;ns are

0

confuped;,\on.e with another. That is, this method gives the.

main effects ~.'=1m:1 5? most, ~th}:ee two-factor interactions, ’ |
while all other J.nteractlons are assumed to be zere or at
|least neglxgihle. . )

Fractional factorial test' degign involvves first _°
determining the number of variables and levels required..
A table of var:.ables and levels is then set, indicatmg the
required bondn.tions to be appl:.ed for each s)uccessn.ve ¢
experiment (Table 6). \After all Lhe experiments are carr:.ed

. Prom this.

out, the fesults are tabulated ( E in Table 7)
table, by using Yates' Method\[lzofl. _values for. the total

effect and sum of squares are c‘a:f.culated (Appendix IV, )
. . [ s
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_ TABLE 6. Design of Four Factors in Eight Observations

K

Factors and the Levels Selected for the Factors - N
- A B c . D . ) !
Experiment Pressure Temperature A/V Condenser Dist. - Treatment Effects 1 i
Number 100u(-) 1150°C(=) T 6.70m~1(-) <0.02m(~) Combination Measured,
: 300u (+) 1250°C(+) 10.20m~1(+) >0.65m(+) _ " Aliases
F-2 . - - ~ - - (1) - ?
F-1 - + - - - ; + ad _A,BCD ‘
F-3 - - + - + 7 bd - B,ACD T
F-4 T+ + i - T AB,CD
__ F-5 - - N + cd’ C,ABD |
. . _ i
F-6 + - - + - ac AC,BD o §
- - + + - Y D . ‘
F-7 . " be BC,AD §
F-8 + + + *& + abed ABC,D . ‘
1. ;,B,C,D (D = +ABC) main effects, - i -

AB,CD,AC,BD,BC,AD dinteraction effects,
ABC = ABD = BCD = ACD = 0 by assumption.

/
/r“\
N
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"TABLE 7. Experimental Conditionsl'and the Results for Part I ﬁxperi%ents (2

Test Design)

-

- o AT A vk 4

rn e e e

4-1

Fractibnal Factorial

-

o~

Level of Factors Responses
A B Kt . D : -3

Experiment Pressure Temperature A/vV - Condenser Dist. Elim'n, wt.¥% K(10 “cm/s)

Number 100u (-) 11502¢(-) 6.70m~1(~) 0.02m(-) =

300u (+) 1250°C(+) 10.20m™1(+) >0.65m(+) Bi  Pb Bi Pb

F-2 . - - - 46 . 61 1.127  1.795

F-1 + ) - ] - + 24 29 0.611  0.707

F-3 - oo + - + 49 66 1.337  2.215°

Frt \ + + . - - y 46 54 1.108  1.432

F-5 a - -~ + e 38 58 0.652  1.116

F-6 + - + - 22 32 0.389  0.590

F-7 - + "+ ’ - 75 85 1.79 * 2.521

F-8 + , + ’/ + + 53 71 0.991  1.656
1. Copper weight = 34 kg, time = 120 min. \
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' Tables IV~1 and IV-2). Then, by using the experimental

error vari;nce and an F-test, the effects measured are
compared with each other and the siénificantlyfdifferent !
one\(or ones) is selected. Finally, thé bes£ combination
of expérimental conditions are defined. '

As mentioned earlier, the four factors (variables)
9hosen were vacuum.pressﬁre, melt femperature, ratio of
melt surface areg té melt volume and the distance of condenser
from the melt surface.

The levels of'factors Qere selected based on the
results of p;eliminary‘experiments and theoretical studies.
These levels and the combination of conditions for each test
are tabulated in Table 6. Th%s table represents one half of
a 24'factorial desidn and it is therefore a ﬁalf replicate.

If -fractional factorial test design is used more than
once for a certain experimental study, using the same set of
variables and similar le?els, experimental error Qariance
éan be determined directly from a comparison of the replicate
set of test designs. However, if the frqstional factorial
test design is being applied for the firs£ time to a certain
experimental study (as was the Ease in the present study),
then the experimental error variance c§n be estimateé through
indirect ﬁethods. Thus, in the present study, two methods

i

. ,
were used for determining the variance in experimental error:
.
a) using arithmetic means of the two-factor inter-~

action mean squares; ’ '
|
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' b) using ‘the variance obtained from the duplication . i

f/avj of a few ;andomiy selected experiments from_ﬁhe o o
. test design, |
Details of these calculations and the procedure
followed for the evaluation of the results of 2 -level

!
i

}

%

4-1 ’- §
' . ;
fractional factorial test design are included in Appendix IV. 5
’ !
}

IR
A summary of the results obtained are included “in the
- \
following section.

V-3. DPART I EXPERIMENTS

In the eight experiments carried out for the fractional . E

factorial test design, the weight percent elimination and the
overall mass transfer coefficient values were obtained for

the removal of bismuth and lead from copper. These are

°

tabulated in Table 7.
In these series of*experiméntsb the logarithm of the -

. {
relative change in solute content with time has been plotted
\ ' 0]

and these are shoﬁn in ‘Figures 10 to 17 inclusive. With each

figure, data on the change of bismuth or lead concentration
' ' |

(in weight percent) with time are reported together with the ‘

weight of totai copper losses. In Tables 8 and 9 the results '
of K, KL’ Kg, KU, KGAS,.initial wt¥i, final wt%i and
elimination wt%i, together with computed correlation coefficient,
: N
have been tabulated for bismuth and lead respectively. b

In all these expeiiments it was observed that KPb

was higher than Ky;. It was confirmed that both bismuth and

of

L]
[T, N

»
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_TABLE 8. Summary of Results for Bismuth Removal, Part-I Experiments

g ~ - _ ‘ _ - 4 \‘,\/,; 4
Test Corr.  K(1073) K (1077  Kg(1073 k(1073 X Initial Final Elim’
No. Coeff. cm/s) .  cm/s) cm/s) cm/s) (cm?s)_ wtg wt$ Wt
F-2  0.940 1.13 5.15 28.44 1.52 507 0.080  0.046 46
B F-1 K0.979 - 0.61 5.15 28.44 0.71 237 0.037 0.028 24
F-3  0.974 1.34 7.30 62.90  1.68 , 262 0.039  0.020 - 49
F-4 0.958 1.11 7.30 62.90 1.33 208 0.060 - 0.033 46
' F-5 0.916 0.65 4.65 28.44 0.78 260 0.050 0.031 38
§ “F-6 0.967 0.39 4.65 28.44 0.43 144 0.032 0.025 22
i . .
! F-7 0.963 1.79 6.59 62.90 2.57 . 400 0.044  0.011 75
F-8 ~0.968 0.99 ) 6.59 62.90 1.19 ) 186 - 0.017 0.008 - 46
2
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o TABLE 9. Summary of Results for Lead Removal, Part I Experiments
- - ’ -
|, Test corr. K(10> K (103 Kk_(1073 Kk (1073 K.  Initial Final Elim'n
. _No.- Coeff. cm/s) ém/s’) ] gm/s) gm/s) (cm?s) wts wt$ wts
l N - ) R »
. ¥ F-2 0.973 1.80 5.15 47.92 2.92 581 0.333 0.130 61
' _F-1 0.985 0.71 5.15 47.92 0.83 166 0.099 0.070 29
F-3 * 0,979 2.22 7.30 97.53° 3.29 332 0.125 [ 0.043 66
P X -F-4 0.943 1.43 7.30 97.53 1.81 183 0.215 0.098 54
P _
! F-5 0.986 1.12 4.65 47.92 1.52 . 301 0.222 0.093 58
) F-6 0.973 0.59 4.65 47.92 0.69 136 0.080 0.054 32
i F-7 0.965 2.52 6.59 97.53 4.26 431 0.126 _ 0.019 85
. , ‘ 3.
’ F-8  0.979 1.66 6.59 97.53 2.26 - 229 0.035 ".0.010 71
- oz
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| . .
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i
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FIGURE 10 /

-

Rate of removal of bismuth and lead from copper, /

Test F-2.*
« Bi Pb
"3 -l ! | .
K(x10 ~ cmws 7): 1.127 1.795
- N
Elim'n, wt.%: 746 , 61
‘time (min.) i wt.$ Bi wt.$ Pb
0 0.090 " 0.333
30 0.063 0.212
60 0.060 0.198
90 ‘ . 0.054 0.162,
120 0.049 0.130

Tot§l copper loss** = 170 gr.

N

*The order of appearance of the figures follows the

order in Table 7. .

**Includes the splashes and the amount evaporaﬁgd.
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FIGURE 11

Rate of removal of bismuth and lead from copper,
Test F-1. ’ -

k3
.
‘Bi Bb
K(x10"3 cm.s™1): 0.611 0.707 . 4
Elim'n, wt.%: - - 24 T 29
~
time (min.) ) wt.% Bi wt.% Pb
» 1
-0 0.037 0.099
30 0.036 - 0.095
60 0.034 0.088 »
90 0.030 . 0.082
120 0.028 . 0.070.
| ‘I‘otallcopper loss = 110 gr. - ‘.\
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" FIGURE 12 : )
. Rate of ‘removal of bismuth and lead from copper,
Test F-3. ‘ \ v
| h Bi Pb
-3 -1
RK(xX0™ > cm.s ") : ,1.337 2.215
Elim’'n, wt.$: 7 49 . 66 d
P ' A
A ”1' a : - -
time .(min.) L wk.% Bi wt.% Pb
o 0. 0.039  ° 0.125
(,? . 30 e 0.029 0.080
- ' 60 0.025 0.066 ,
90 ° 0.022 0.048
120 . : 0.020 0.043
. . - . -
Total copper loss = 200 gr. ’
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FIGURE 13 !
5 l Y
‘Rate of removal of bismuth and lead from copper,
Tést F-4. ' w
/ A
Bi Pb .
K(x10™ em.s”)s .+ . 1.108 1.432
Elim'n, wt.$%: Y 54
time (min.) wt.% Bi wt.% Pb
0 0.060 0.215
30 \ 0.045 o 0.138
60 ) 0.042 , 0.136 o
90 . 0.039 0.118%w -
120 0.033 0.098
Total copper loss|= 170 gr.
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FIGURE 14

f

Rate of removal of bismuth and lead from copper,

Test F-5. .
“ Bi Pb
. -3 -1 : .
K(x10 cm.s ) . . 0.652 1.116
Elim'n, wt.%: " 38 [ 58
time (min.) [ wt.% Bi wt.% Pb
0 , 0.050 0.222
-30 \ 0.049 0.167
60 0.048 0.156
9¢ 0.039 -0.122
120 0.031 0.093
. . .
Total copper loss = 130 gr.
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: Rate of removal of bismuth and leadlfrom copper,
i R Test F-6. '
. Bi b
R(x2073 an.s™h | | ‘
]} ] Cm.S )- / 00389 0-590
Elin'n, wt.$: ‘ T2 32
time (min.) wt.$ Bi wt.% Pb
S 0 0.032 0.080
( 30 . 0.031 0.079
, . 60 0029 0.066
- ‘ 90 0.025 0.059
N ( 120 0.025 0.054
; ~ Total copper loss = 100 gr. k
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Rate of removal of bismuth and lead from copper,

Test F-7. . ’
) ol
Bi Pb
-3 -1, .- ,
K(x107° cm.s™ ") s 1.794 2.52
Elim'n, wt.$: 75 y 85
time (min.) wt.% Bi wt.% Pb
0 - ‘ 0.044 0.126
30 0.037 ., 0.107
. 60 ©0.023 0.049
90 0.022 . 0.046
120 . N.011 0.019
Total copper loss = 290 gr.
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i | : \\
: Rate of removal of bismuth and lkad from copper,
| Test F-8." . ‘
| * |
| b )
| -3 -1 ’
% K(x10 cm.s ) 0.991 1.656
o "Elim'n, wt.$: 53 71
. N !

{ time (min.) wt.% Bi wt.% Pb
, , 0 - 0.017 0.035
ARG 30 0.012 0.021
1 60 7 0.010 0.015
é 90 . 0.009 0.012

, 120 0\.008 0.010

, d
* i
. / !
Total copper loss = 240 gr.
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lead followed first order kinetics very closely, the cor-
re}ation coefficient never dropping below 0.916 for bismuth
or 0.943 for lead.

Tpe ;esults of the 2 -fractional factorial test ..

design evaluation were as foIlows: b \’V
Method (a): By estimating the mean square(error
variance) from two-factor interactions with one and three
degrees of fregdom (Appendix IV, Table iy—B—af and using
5 and 10% levels of f-test, melt temperature and vacuum
pressure wére shown to be significantly effective on the
overall mass transfer coeffiéiéﬁl of both bismuth and lead
compared to the effects of melt surface area to volume ratio:
gnd the distance of theﬁcbndenser to melt surface (Appendix
IV,’Table I§-3—b). )
Method (b): In the second method, by estimating the
erroravarianqe from the variance obtﬁined f;om auplication
of two experiments (Appendix IV, Table IV-4-a), similar
results were obtained Melt‘teﬁperatﬁre and vacuum pressure
wefe highly significant‘at 1% level of f-test with one and
. two degreesiof freedom for the error variance obtained fLom
duplication‘of tests £-1 and %;3 (Appendix IV, Table IV-4-b).
Ii addition, at 5 and 10% levels of f~tést with one and two i
degrees of freedom, it was determined that the interaction
effects of BC and AD (that is comb{hed‘?ffects of melt
temperature and A/V and the combined gfggcts of vacuum

£y
[ ‘

' ‘ !
pressure and the condenser distance to the melt surface) were . ‘;§
‘ !

b
N . |
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also siénificant for both bié%uth and lead (Appendix IV,
Table IV-4~b). Further analysis of the effects of inter-

actions with a two-w;y table of total effects (Appendix 1V,

Table IV-5) showed véry little difference in between AD and

BC. As a conseguence it was not possible to determine which
\ . \ ,
set was the most significant. However, a tendency for the

1

overall mass transfer coefficient to increase with decreasing
levels of A and D (presﬁure and tondenser distance) or with
increasing levels of B and C ( temperature and A/V) is
apparent. ’
|
Summarizing, overall mass transfer coefficients for
both bismuth and lead igcrease significantly with:
~a - increasing melt temperature A “ .
; b - decreasing vacuum pressure .
They also increase slightly with the combined effects of:
¢ ~ decreasing’ vacuum pressure - decreasing distance
)

of condenser to melt surface - .

d « increasing melt temperature ~ increasing A/V.

» V-4 . PART II EXPERIMENTS T

In order to obtain a quantitative relationship between A
the ovérallﬁﬁass transfer coefficient K, and the variables
mglt temperature and vacuum pressure, furéher expefimental
investigations were needed. Thus, tpe experiﬁents in Part II , |

were mainly concerned with the effect of vacuum pressure and

melt temperature on KBi and KPb .

®
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A total of six experiments were carried out at
thrge different temperatures 1150°-1250°-1350°C and two(
different pressures 100 - 60 pHg. The melt surface area .

AN

1 and again the

to volume ratio was kept constant at 7.1 m

treatment time was. 120 minutes in all experiments. The

water cooied condenser was not ﬁsed in these set of experi-

ments. A summary of all the results obtaiﬂed,'tggether with
. .

the experimental conditions involved, are provided in Table
3

10 for bismuth &nd lead, The logarithm of the relative

a

impurity weight change (in percent) with time was' plotted
in the same way as Part I and these are given in figures

18—2§ inclusive.

N
\

Consistent with the previous results, it was observed

o

that K was always- higher than K The rate of removal of

Pb Bi®
both bismuth and lead exhibited definite first order kinetics

(correlation coefficient was never below 0.971 for bismuth

N \

nor 0.965 for lead).

By increasing the temperature from 1150°C to 1350°C

\

and decreasing the pressure from 100 uyHg to 60 pHg, it was

possible to increase K;; from 1.05 x 1073 ems™! to

3.15 x i0_3 cms "t and Kp, from 1.84 x 1073 i:ms—l to* \

4.70 x 1073 ems™L. ‘ } ' K
The results’of Part I and'II ekéeriments showed that

bismuth and lead can be removed from copper melts under

vacuum and that lower vacuum pressures and higher melt -

' ! ! 3 [ - . R
temperatures were the key factors in increasing their rate
e “ -
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TABLE 10a. Summary of Experimental Conditionsl' and Results, Part TI Experiments, Bismuth‘

Pe

N

- BISMUTH
“Test Press. Temp. KL(']‘O-? Corr. K(lO.~3 KE(IO"3 (10_3 KG Initi;I Final Elim'n
No UHg i cm/s) . Coeff. cm/s) cm/s) cm/s) (cm/s) . wtZ wt%- wt%
)
A;G 60 1150 5.09 0.986 1.32 28.44 1.89 ] 631 0.030 0.015 50
A-3 60 1250  7.21 0.996 2.76 62.90 4.81 " 750 °  0.038 0.010 74
A-5 60 1350 9.78 0.990 3.15 125.40 4.84 391 0.030 0.006 80
A-1 100 1150  5.09 0.971 1.05. 28.44 1.38 460 0.038 0.022 42
A-2 ' 100 1250 J.21 - 0.986 li. 86 62.90 . 2,60 406 0.020 0.008 60
A-4— 100 1350 9.78 0.996 = 2.33 125.40 3.13 252_ 0.020 0.906 70
1. Co;)per weigllt = 34 kilogram, A/V = 7.1”m—1, Condenser Distance > 65 cm, time = 120 minutes.
&

"0TT
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TABLE 10b. Summary of Experimental Conditions]i' and Results, Part II Experiments, Lead 2

) LEAD ’
Test Press. Temp. KL(m‘3 Corr. 1((10"3 1<E(10"3 KU*uo'3 K Initial Final Elim'n e
No UHg °c - ¢ém/s8) Coeff. cm/s) cm/s8) cm/s) (cm‘is) wtZ wt? wtZ
A-6 60 1150 5.09 0.965 2.00 47,92 3.54 704 ©0.071 0.025 65
A~-3 - 60 1250 7.21 0.979 4.04 97.53 1_.0.13 1024 0.‘059 0.006 90
A-5 60 1350 9.78 0.993 4.76/ 180.99 9754 536 0.059 0.006 90
A-1 100 1150 5.09 0.988 1.84 47.92 3.06 609 0.096 0.038 60
A-2 100 1250 7.21 ,0.997 2.52 97.53 4.04 409 0.028 0.007 75
A-4 100 1350 9.78 0.994 3.93 180.99 6.81 383 . 0.027 0.004 85

|

1. Copper weight = 34 kilogram, A'/V = 7./1'm—1, Condenser Distance > 65 cm, time = 120 minutes. B

mL
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FIGURE 18
Kate of removal of bismuth and lead from copper, e
Test A—-6.*%
Bi Pb
-3 -1
K(x10 cm.s ) 1.316 2.000
Elim'n, wt.%: 50 65
time (min.) . wt.% Bi wt.% Pb
0 0.030 0.071
30 0.026 . 0.060
60 . 0.020 , 0.055
90 : | 0.019 0.037
120 \ 0.015 0.025

Total copper loss = zbo gr.

*The order of appearance of the fiqures follows the
order in Table 10. ‘
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FIGURE 19 ‘ ™
Rate of removal of bismuth and lead from copper,
Test A-3. o «
[
Bi- Pb
-3 -1
K(x10 “,cm.s 7): 2.757 4.037 '
Elkim'n, wt.%: . 74 90 . :
| w
time (min.) wt.% Bi wt.% Pb
0 0.038 "0.059 , :
30 , 0.030 0.026 ~
60 . 0.021 ¢ 0.019 .
.90 . 0.013 0.014
120 0.010 0.006
v < e =
Total copper loss = 280 gr. /
—/
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| .
Rate of removal of bismuth and lead from copper,
Test A-5. ‘

\
Bi Pb
-3 -1, .
R(x10"~ em.s °): 3.154 4.703
Elim’'n, wt.%: L 80 90
19 © !
time (min.) . wt.$ Bi wt.% Pb
0 T 0.030 0.059
30 0.020 0.038
" 60 0 0.011 0.021
90 0.009 0.009
120 ~0.006 0.006
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3 ‘ FIGURE 21
l Rate of removal of bismuth and lead from copper,
‘ Test A-1. R}
! ‘
: Bi Pb
| -3 -1,. |
j K(x10 cm.s 7): 1.045 1.838
: Elim'n, wt.%: 42 60
) N v,
time {(min.) wt.% Bi wt.% Pb
. 0 0:038 0.096
() 30 - 0.030. 0.071
) 60 ] 0.026 } 0.054
‘ 90 0.024 0.043
' 130 0.022 0.038
i
N
Total copper loss = 180 gr.
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FIGURE® 22

124.

Rate of removal of biémuth and lead from copper,

Test A-2.
Bi Pb
K(x1073 cm.s™Y) ~ 1.856 2.523
Elim'n, wt.%: 60 75
\
time (min.) wt.% Bi wt.% Pb
0 0.020 0.028 \
30 \ 0.015 0.020
' 60 0.011 0.014
90 0.009 0.010 \
120 0.008 0.008

+ Total copper loss = 220 gr.
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_;j
Rate of removal of bismuth and lead from copper, ;
© Test A-4. ’ J
Bi Pb
| — — s
K(x10™3 em.s™h) : 2.325 3.928
Elim'n, wt.%: 70 85 o
:
time (min.) ) wt.$ Bi, wt.% Pb ?
0 0.020 0.027 s
30 0.016 0.020
60 | 0.011 0.010
20 0.009 0.006 ‘ °
120 0.006 0.004
. ' -
Total copper loES = 250 gr.
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of removal. Based on these results, it was decided to

carry on the research further, so as to investigate any -
effects of longer process time, .or different crucible' v |
materials and to test the experimental feproducibility

of the results.

V-5. PART III EXPERIMENTS

Four experiments were carried out in Part III, the

y

T e e dee bbb aadtat S K Reh o

aim being to maximize the amount of information possible
with a minimum number of experiments.

Test‘F-i—x was carried out strictly for the purpose
of duplicating test F-1. 1In the remain%ng three experiﬁents,

the refining time was doubled to 240 minutes. In experi-

N~

ments F-9 and A-7, conditiogs Weré selected so Fhat the

results of the first 120 minutes could be used as duplicates

of the randomly selected experiments carried out in Parts

I and II. In the last experiment, F-10, the results of

the first 120 minutes was repor%ed as F-7 in Part I. The

only difference between F-9-X and F-3 are the A/V ratios. -
A summary of all the results and experimental -

cpnditions are reported in Tables 11, 12 and 13. As in the

previous parfs, &he logarithm of the change in weight

percent of impurity With time was plotted, and these are

shown in Figures 24-30 inclusive.
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o 4 TABLE 11. Summary of Experimental Conditionsl‘and Re§ults, Part III Experiments
Condenser A ' -3 I
Test Press. Temp. AV Distarce Time Type of Elim'n, wtZ R(10 “cm/s)
‘“ No. = | Hg °c m~ cm?" min. Crucible Bi Pb Bi Pb
' B 2 Y
F—l—Xz' 300 1150 6.7 >65.0 120 Tercod 21 24 0.56 0.68
) ' #30 )
' F—Q-Xz' 100 - 1250 10.2 >65.0 120 ' Tercod 60q 77 1.24- 1.99
s #50
*
”F—73' 100 — 1250 10.2 <2.0 120 Tercod 75 85 1.79 2,52
o ) (F-10) ' #50
_ A-7-X°° 100 -~ 1250 7.1 >65.0 120 Hycor 60 75 1.87 2.51
2 - i ) Alumina
) F-9 100 1250 "10.2 T >65.0 240 Tercod 70 . 92 0.75\ 1.63
‘ #50
‘ F-10 100 1250 10.2 <2.0 240 Tercod 89 98 1.62 2.84
X ’ #50 .
? ’ . Y ,
! ‘A-7 100 1250 7.1 >65.0 240 H§EQEWQ 76, 94  1.36 2.45
Alumina N\

3

o — e s 0
'

b Geieias chsesenseaan 6 e

1. Copper weight = .34, kilogram

-

2. Duplications = F-1 and F-}-X, F-3 “and F-9- X, A-2 and A-7-X.
- F-9-X and A—7-X are first 120 minutes of testa F-9 and A-7.

3. First 120 minutes of test F—10 was reported as test E-7.
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Te TABLE 12, Summary of Kinetic Results for Bismuth.Removal, Part III gExperiment;l'
. Test €orr. k(103 1<L(1o'3 KE(10_3 ao? -k ‘ Initial- - Final - Elim'n
No.  Coeff. cm/s) cm/8) cm/8) cm/8) (cm?sfl wtZ wtX wtX
F-1-X%"-  0.969 '0.56 5.35 28,44 0.56 187 0.043 0.034 21
P-9-X>°  0.964 1.24 6.59 62.90 1.41 221 0.020 °.008 60
p_7 "0.963 1.79 6.59 62.90 2.57 400 0.044  0:011 75
.(F-10) -
T a-7-x%" 0.987 1.87 7.21 % 62.90 2.64 - 412 0.025 0.010 © 60
. . _F-9°,  0.951 0.75 6.59 62.90 0.86 134 0.020 0.006 70
F-10 ~ 0.986 1.62 6.59 62.90 2.22 346 0.044 0.005 89
— - f-=Y 3
) - A-7 0.972 °  1.36 7.2 62.90 1.71 . 267 0.025 0.006 76
H . " ‘ N B 0 £
3 = 1. Copper weight = 34. kilogram
; 2. Duplications: F-1 and F-1-X, F-3 and F-9-X, A~2 and A-7-X. :
1 . . = J/L ~N o )
] - 3. First 120 minutés of test F-10 was reported as test F-7. ’;;)
.
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) TABLE 13. Summary of Kinetic Results for Lead Removal, Part III Experimentsll

A Test Corr. k(107 g0} Tra0? g o’ K Initial  Final  Elim'n
No. Coeff. cm/8) “cm/8) . €m/8) cm/s) (cm(f‘s)/-/"ytz . wtZ wtZ
_ F-1- 2. 0.982 0.68 5.15 47.92 0.73 14 0.126 0.096 24
- - ~N
B F—9—X2. 0.954 1.99 6.59 97.53 °~ 2.81 . 284 - 0.048 0.011 77 -
F-7>" . 0.965 2.52 6.59 " 97.53 4.26 431 . 0.126 _ 0.019 85
\ (F—]-Oi R ¥
! o — .
! A—7-X2 0.927 2.51 7.21 97.53 4.00° - 404 0.047(\ 0.012 75
! ’ _ ~ ) ‘
{ . - F-9 0.982 1.63 6.59 97.53 2,22 224 0.048 0.004 - 92 L
] - . . '
|- F-10 - 0.985 7 2.84 6.59 97.53 5.27 532 0.126 0.003 ' 98.
! } : " ‘
A-7 . 0.985 2,45 7.21 '97.53 - 3.85 389 7 0.047  0.003 9%
. ) = -
- ~
1. Copper weight = 34. kilogram
K . 9.Duplications = F-1 and F-1-X, F-3 and F-9-X, A-2 and A-7-X.
; 3. First 120 minutes of test F-10 was reported as test F-7.. \ e . . -
’ <
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\ FIGURE 24
Rate of removal of bismuth and lead from copper, ”
. Test F-1-X. : N ‘
Bi Pb
-3 -1 ‘ . \
K(x10™~ cm.s 7): 0.563 0.680
Elim'n, wt.%: 21 24
time (min.) wt.% Bi wt.% Pb
: 0 | 0.043 0.126 ¢
(1 30 0.043 0.123 )
. 60 0.039. 0.110
90 © 0.037 0,099
120 ° ,0.034 0.096
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Rate of removal of

Test F-9-X, ‘

LT

FIGURE 25

bismuth and lead from copper,

Bi Pb
-3 -1
K(x10~° cm.s %) : R 1.242 1.992
Elim'n, wt.%: 60 77
\
\ 'I
\
time (min.) wt.% Bi wt.% Pb
0 \ 0.020 0.048
30 ! , 0.013 0.026
60 0.011 , 0.015
90 - 0.010 0.014
\ 120 0.008 0.011
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AN
! - FIGURE 26
Rate of removal of bismuth and lead from copper,
Test F-7 (F-10).*
Bi Bb -
-3 -1 . ‘
K(x10 cm.s ) : 1.794 2.521
- N\
Elim'n, wt.%: 75 85
‘ v
i
time (min.) wt.$ Bi wt.$ Pb
0 ‘ 0.044° 0.126 .
30 \00037‘ 00107
60 0.023 0.049
90 0.022 0.046
120 i 0.011 0.019
*First 120 min of test F~10 was reported as test F-7. P
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FIGURE 27

Rate of removal of bismuth and lead from copper,

Test A-7-X.

Bi Pb
..3 _l |

K(x10 cm.s ) 1.874 2.505

Ekim'n, wt.%: 60 75
time (min.) wt.$ Bi wt.% Pb
0 0.025 0.047

30 0.019 0.023

60 0.014 0.015

90 0.011 0.014

120 0.010 0.0IF
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FIGURE 28

t

Rate of removal of bismuth and lead from copper,

Test F-9. .
| \ B P
-3 -1
K(x10 cm.s ) 0.753 - 1.631
BElin'n, wt.%: 70 92
time (min,) ‘ : wt.? Bi wt.% Pb
o -, 0.020 0.048
30 0.013 0.026
60 : 0.011 0.015
90 . . 0.010 0.014
. l20 0.008 . 0.011
150 ‘ «  0.007 ’ 0.008
180 0.007 0.006
210 0.006~ 0.004
240 0.006 0.004

o

Total copper loss = 340 gr. .
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" FIGURE 29
\

]

Rate of removal of bismuth and lead from ‘copper,
Test F-10. ‘

o AN \
Bi Pb
-3 -1
K(x10 cm,s ") 1.616 2.841
Elim'n, wt.%: 89 98 b
\ \
time (min.) wt.% Bi wt.3 Pb
0 . ‘ 0.044 0.li6
30 0.037 0.107
60 0.023 . 0.049
90 - 0.022 0.046
. 120 ¥ 0.011 0.019 o,
150 0.010 0.015
180 N 0.007 0.005
210 0.005 . 0.003
240 " 0.005 . 0.003

Total copper loss = 360 gr.
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N FIGURE 30
Rate of removal of bismuth and lead from copper,
Test A-7. i
!
Bi Bb
-3 =1
K(x10 cm.s ) 1.355 2.445
Elim'n, wt.%: 76 ?4
time (min.) wt.% Bi wt.% Pb
0 . 0.025 0.047
30 0.019 0.023
60 0.014 0.015
90 0.011 0.014
120 0.010 0.012
150 . 0.008 0.007
180 0.007 0.006
- 210 0.007 0.004
240 0.006 0.003
Total coppér loss = 330 gr. -
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By applying vacuum for 240 minutes rather Ehan

. 120 minutes, it was possible to obtain residual concentra-

tion of bismuth and lead below 100 parts per million.
That is, weight percent elimination of bBtH bismuth and
lead at the end of 240 minutes, were approximately‘ls%
higher compared to the eliminations obtained at the end

of 120 minutes. Contrary to this, K and KPb’ were

Bi
generally lower for 240 minute treatment times compared to

120 minute treatment, .except for test F-10, where KPb
increased from 2.52 x 1070 cw™t to 2.84 x 1077 ems™.
Three randomly selected ekperiments, tﬁo from Part I
and one from Part II were repeated. Experiments with the
labels of F-1-X, F-9-X and A-7-X were replicates of the
experiménts F-1, F-3, and A-2, respectively (Table 14).
The results showed that iﬁ\experiments F-1-X and F-9-X,
overall mass transfer coefficientg for both bismuth and
lead varied in the range of 1. to ilO.%,las compared to
thosé for experiments F-1 and F-3. However, in experiment
A-7-X, identical results with those oﬁ experiment A-2 wére
achieved. Thiswyas a confirmation' of the reproducibility
of the results and the appropriateness of estimating
;?Ferimental errors as being in the range of 5 to +10%.
\, No significant effect of changing froﬁ silicon

carbide-graphite crucibles (Tercod) to high purity alumina

crucibles (Hycor Alumina) was observed on mass transport

rates of bismuth and lead from cdpper.
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TABLE 14. Comparison of Duplic;te Experiments
. _ ) . Bismuth . Lead A
Test Press.  Temp. K(1653 Initial Final Elim'n K(;0_3* Initial Final Elim'n
No. M Hg °C cm/s) wtZ wtZ wt% cm/8) - wt% WX wt%
. \‘ N - \ - .
F-1 300 1150 0.61 _ Q.Q}7 0.028 24 0.71 0.099 a.070 29
¥ —
gzt Ay -12% 4% ‘ -17% “
F-1-X 00 11 0.56 . . . . . ;
3 50 5 0.043 0.034 2}’_,,_§Q5§8 9 126_ 0 096‘ 24 .
F-3 100 1250 1.34 0.039 0.020 he 2.22 0.125  0.043 66 '
-7% +18% ~10% ) +14%-
F-9-X 100 1250 1.24 0.020 0.008 60 1.99 ) 0.048 ) 0.011 T 77 .
A-2 100 1250  1.86 0.020'  0.008 - 60 2.52 10.028°  0.007 75 “
+H7 : 0% . 0% - ' 0%

A-7-X 100 1250 1.87 0.025 0.010 60 ' 2.51 0-.047 0.012 .75

1. Percent difference of dup}fsgtes from the actual experiments.
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V6. PART IV EXPERIMENTS

i )

In two expériments, the removal of arsenic and 5
antimony, in conjunction with bismuth and lead, were
investigated. No elimination of arsenic and antimony was
measured during these tests, which were carried out at
1250°C and 100 uHg (Table 16). For %ismuth and lead,
however, very similar rates of removal were found to ithose
reported earlier (Table 15). Plots of the change of
bishp@h‘and le%d con&entrations (19g wt.%) with time are ’
given in Fiqures 31 and '32.

|
V-7. CONDENSATE ANALYSIS
] I

A schematic diagram of the inside of the vacuum
. )

. furnace is given .in Figure 33, showing the locations of

<

the condensate samples. The: results qf ;he condensate
analysis are summarized in Table 17. \ 0
The condensate which collected on the bottom surface
of the condenser itself\}ormed a brittle, wafef—iike layer
which could be separated very easily from the condenser.
It also contained metallic éroplets caused by splashing.
These droplets wouldlﬁirst‘be,Péparated from the bulk
sample by’ grinding and screening. l .
In‘experiment F-10, separate condensate samples were

taken from the bottom (facing the melt), the side and the

I

top of the condenser, to investigate any variations in

composition.' No variability was found.
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TABLE 15. Summary of Experimentai Conditionsl' and Results, Bismuth.and Lead Iiemova;, Part IV Experiments

BT 5

BISMU'I.'HS
-3 -3 -3 3¢
Test Press. Temp. K, (10 Corr. K(10 KE (10 Ku (10 K Initial Final Elim'n
No ulg °c - em/8) Coeff. cm/8) em/s) em/s) ( cms 8) ., wt% wt? wt?
A-8 100 1250 . 7.21 . 0.999 2.20 62.90 3.33 520 0.025 0.008 68
A-9 100 -~ 1250 7.21 0.990 1.51 62.90 1.98 308 . 0.045 0.021 53
° LEAD 2
: -3 -3 -3 -3 ' .
Test . Press. Temp. K, (10 Corr. K(10 kg (10 Ku(lo K Initial Final- Elim'n
No ~ -uHg °c cm/8) Coeff.  cm/s) cm/s) cm/8) (cm(}s_)_q wt% wt% wt%
A-8 100 1250 7.21 - 0.998 2.54 ) 97.53 4.09 413 0.067 0.018 73
A-9 100 _ 1250 7.21 0.997 1.78 97.53 2.43 - 246 0.110 0.044 60 ]
1. Copper weight = 34 kilogram, A/V = 7.1 m—l, Condenser Distance > 65, time = 120 minutes.
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Rate of removal of bismuth and lead from Sopper,
" -Test A-8..

¥

K(x10~

3

cm.s.

Elim'n, wt.$:
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FIGURE 31
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Total copper lpss =.210 gr.
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b FIGURE 32
Rate 'of removal of bismuth and lead from copper,
Test A"ga ) i
Y ' '
Bi Pb
: K(x107> m.s™1) | 1.514 1.784
: ' -
] . Elim'n, wt.%: ’ 53 60 \
!
‘ - \ ‘ .
time (min.) wt.% Bi- “wt.g BB -
0 0.045 0.110 ,
30 0.038 0.081
60 0.030 0.067 .
90 0.028 0.053
120 0.021 0.044
Total copper loss = 220 gr. '
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TABLE 17. Analysis of Coundensate, wtZ

-

)

166.

) v 7
s Average
Distance to "Powder ", DropletsB'
Test Location of Location Melt Surface :

No. Sample No. cm Bi% PbZ et BiZ PbZ
F-2  Condenser 1 1.5-2. 4.5 70.8' 5.3 16.7 72.0
F-4 ' Condenser 1 1.5-2, 13.7  68.7 124 3.7 i2.7

Condenser 1 1.5-2. 10.7  42.9 12.4 4.5 13.1.

Around

Crucible 2 25 6.5 26.2  30.0 - -
F-6  Filter Plate 3 80 7.3, 32.8 A - -

Chamber 4 65 7.2 3L.3 3.3 - -

Door 5 100 7.0 29.6 470 = .

Condenser . ’

(Average) 1 1.5-2. 10,5 42,0 41.5 0.2 0.9

Condenser ) ‘

(Bottom) - - - 11.1  40.6 54.4 0.1 0.2

F_loa. Condenser - ‘

(Side) - R 12.0 46.9 35.0° 0.3 1.4
Condenser

(Top) - - 13.7 46.9 22.4 0.6 2.2

Filter Plate 3 80 11.1 42.9 9.8 - -

. Chamber . . 4 65 8.3 32.2. 21.5 - -

Filter Plate 3 . 80 8.5 25.2 4.9 - -

A~9  Chamber 65 5.2 16.2 2.7 - -

‘ Door 5 100 2.0 °4.4 2.6 - -

1. Samples were ground an;! separated by -100 mesh screen.

3. The ‘balance is not analyzed.

\ 2.'The balance assumed to be oxygen.

4.'Time = 240 minutes, first 120 minutes was reported as F-7.
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Based on the detailed analysis of the condensate °
accumulated on the condenser and/ weight percent eliminations,

the ratio of solute which remained on the condenser relative

to the total weight of solute evaporated from copper melts

*. were calculated and included in Appendix V.

N

Samples collected from other parts of the chamber

! “ \
took the form of a black powder of lead and bismuth oxides.

Chemical analysis showed that the bismuth content ranged
between 5 and 15%, lead between 25 and '50% and copper betwe:en

3 and 25% by weight. P /’

During experiments with hycor alumina crucibles, an

accumulation of condensate occurred, which started just

’

above the melt level on the inside surface of the crucible.
It was folmd to qomprise"mainly metallic copper> for the
first 2-3 cm above the melt level. Above this, the conden-
sate changed into a wafer—-like‘ deposit. The material was |
sectioned every 5 mm and chemically analysed for two
experiments. The representative shape of the accumulatio’n
and typical chemical\ analyses are given in Figure 34.

V-8. STATISTICAL EVALUATION OF THE

EXPERIMENTAL WORK, ACCURACY

. In this study, a total of twenty experiments were

‘ -
carried out and of these, three experiments were duplicates

v}hich confiméd the reproducibility of the results obtained.

<
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4.

Figure 34 b - Test A-7, (time = 240 minutes
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Overall, a total of 224 samples were analysed for

two elements (bismuth and lead), i.e. 448 analyses were

obtained. Of these 224 samples, 36 of them were randomly

a

selected (16% of the total) and analysed a second time for

)
the two elements (total of 72 values). Out of these 72

By

values only 6 (8% of the 72 values) varied by more than

+10% compared to the original values, and varidtions never

exceeded 20%. b

Twenty-one randomly selected samples were sent to
the Noranda Research Centerlto be analysed for bismuth,
lead and séme of thém also fo% copper, arsenic and antimony:
The results obtained sh?wéd that only one value var%eq by
more than +10% comparegyto the origipal values obtainéd in
our laboratories.

Analyses of arsenic, antimony and cépper were not
incluéed in this evaluation study, since these elements were
involved\in~only a few Samples. ’

1§
e N
The foregoing evaluation studies provide: confidence

in thé accuracy of the results obtained in the present study.
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CHAPTER VI

DISCUSSION

--- VI-1. INTRODUCTION

The main objectives undertaken at the beginning of
the experimental program were successfully achieved. It
was shown that bismuth and lead could be eliminated from
copper melts under vacuum and £h;t the main facéors ¢on-

trolling the kinetics of this process could be defined

clearly. Similarly, a sufficient amount of accurate data

were obtained to enable comparisons with previous literature

]
data available on the vacuum refining of copper.

VI-2. REMOVAL OF BISMUTH AND LEAD

WI-2.A Fractional Factorial Test Design
I; the first part of the experimental work, a tyo-
level fractional factorial test design was used. With the
subsequent eight experiments, four variables could be
gcreened. Two of these, ﬁacuum pres;ure and melt tempera-
ture were identifiﬁd as'being\the most significant fac?ors
: contrqlling the overall rate constant for the removal of
bismuth and lead from coppef melts. ) -
One indibat}on showing the satisfactory use of

fractional factorial test design is that the interactions

are smail compared to the main effecﬁs. This can -be clearly

1

\
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‘plways limited to tife crucible and” induction coil dimensions. ,
“Higher melt s ce area to volume ratios .can be provided
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L

observed in the relatively low values for the effects of
. ; [

AB,CD and AC,BD interactions for both bismuth and lead
data ’(Tablesulv-l and IV-2 in Appendix IV).

The magnitude of an interaction depends upon the
. » N . .

ranges of the variables selected; as the ranges -are decreased
the interactions become smaller compared to the main éffects;

and when the region to be examined is sufficiently small,

. the interactions wit-h'ufew e:lcceptio‘ns become‘negligib,le[uo].

As the range becomes narrower, the magnitudes of th_e}
effects become smaller, and the more likely are they to be . ‘
masked by experimental error. The ranges chosen mist be ot

such as to produce effects which are measurable but not so
. . .
large as-to give.rise to appreciable interactions.

- | ]
W’I‘his may be one of the repasons why_the factors melt

4

surface area to volume ratio and condenser distance to melt

u

surface were found to have|insignificant effect on the rate
of remov:al c;f bismuth and lead. The range between the. levels
selected for melt surfacé area to volume ratio (6.7 a]hd

10.2 m™ 1) were clearly not sufficiently different to cause

any significant effects on K in Othe present experimental

equipmert. - ( 1 ‘ ;

¢ . ﬂ»] :

However, high levels of melt surface area to volume
ratio are hard to achieve in equivalent industrial appli- . f

ations since melt surface area to volume ratio would be
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. through by mixing the me'lt’ v}ith, inert gas bubbiing or

through use of a vacuum 1lift refining type of process.
These we,re both considered to be beyond the slcope of t;1e
present work. However, as ment;ioned in Section II-4.A,¥
Kaxnnef:ani and Yam‘auchi [23,63-6051 could not obtain good

impurity elimination results with vacuum liftfrefinin;;

9

treatmentQOf blister copper, in which the melt surface area

@to volume’ratio reaches much higher values.

Similar to the effecf:)of\‘ir‘ariable mé;t surface to

| volume ratioy one could 'say that the present selection of

. ' 3 N 5 e
the vai'i_ablexandenser distance from thé melt surface asg

2 and 65 -cm may| not have been sufficiently different to

’
[ o ‘
-

obtain significant effects. . L
13 .
The purpose of designing the water cooled condenser

and placing it as clogse to the melt surface as possible
¢ - 3 ' LY
"(1.5-2.0 cm) was to create a condensation sink for the, o

Y

.evaporating molecules, thereby overcoming the gas phase .

resistance and prbviding enhanced vapourization.” Maximum

or limiting evaporation could have been achieved if the

ﬂu ‘ . t '
~ condensation gink had been located within the distance of -

- .

mean free path of the evaporating atoms However, mean‘

free paths’ foz all the impurities beingf cons:.dered were "

- estimated as being\ less than one centiineter over the temper-

ature and pressure ranges of the present experiments.

o

(Mean free path values are included in Appendlx 11.) -

Unfortunately. there were practical reasons, why the

k]

water cooled condenser could not ‘be placed within this

\
4 B . R ) \ ©
, g
v /, . . -
[ ~ " . * [
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( L "critical distance" of the melr surfaée. "Thus, splashes

from the melt and safety con31herat10 s concernlng the
possibility of melting the~steal jacket and causing a
water-liquid metal explosion; préventéd closer juxta-
. positioning. « P
Basea.on the presgnt‘experiments, one can conclude

that when a water cooled condehser is placed at distances

. of 2 cm or more from. the melt surface, it has little effect
on the rate of removal of impulities over the range of
conditions studied in the pres1nt work. |
iservatlon was that the ana1y51s

!

of the condensate samples fromhdlfferént locations of the

' One other 1nterest1ng o

vacuum chamber, including the water cooled condenser, showed
[0 - {
(‘i . 'that the condensate compositionkwas independent of distance
!

from the melt surface (Table 175. This may be an indication
that the whole chamber acts as the c ndensing surface rather

than only those cold surfaces nearby| the melt.
. ‘ J
< It should be clarified at this point that the results

of the fractional factorial test gdesign shows that wvacuum

\

pressure’ and melt temperature have much more effect than

A/V and condenser distance, but that the latter' do play a

7 '\
minor role. %

' Actually, comparison of Ehe\ﬁesults of the experiments
3
. 7
. -F-7,.F-9;x, A-2 and F-10, F-9 shows|thd favorable effects of

having the condenser distance ~ 2.0 cm (Table 18) compared

to.46§ cm. In igdition, further evidence was obtained from
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; TABLE 18. Comparison of Results, Showing the Effect of Condenser Distance
1 4 : *
B "
3 Cond. Elimination, K(10 “cn/s)
¥ . ““Test Press.  Temp. A/V  Dist. Time -
§ " No. U Hg °c u-l cm min. Bi Pb Bi Pb
L
§ F-7 o 1250  10.2 2 120 75 85 1.79 . 2.52
% F-9-X 100 1250 10.2 65 120 60 77 1.26  1.99
§ A-2 100 1250 7.1 65 120 60 75 . 1.86 2.52
; v ‘ ]
v F-10. 100 1250 10.2 2 240 89 98 1.62  2.84
; F-9 100 1250 ' 10.2 65 240 70 92 0.75 1.63
!
g \
5 ¢
L \ |
: (‘*} TABLE 19. Distribution Ratio of Impurity Removed to Condenser
%é I " // B
i Amount of Distribution Ratio of
Test Press. Tenmp. Condensate Accumulated Impurity to Condenser j
% No. W Hg °C On Condenser
{ gram BiZ Pb%
’, F-2 100 1150 53 - —t 54 55 A
F-4 300 1250 73 59 61
F-6 300 1150 3% - . 83 74
- F-102 100 1250 128 \ 41 52
°‘ /
1. Balance was scattered to chambe“r, surface.
2. Time = 240 minutes.
E
\ ‘ ‘
L}
A {
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the analysis %é the condensate accumulated on the water
cooled condenser (Table 17). Using this data-and the tatal
amount of bismuth and lead evaporated from coppef, distribu-
tigfi ratio of these-elements settlipg on the condenger
surface was calculated. Details of these calculations are

included in Appendix V and a summary of the results provided

>

It is interestin§ to note that 40-80%.of the bismuth
or lead evaporated from copper accumulated.on the water

cooled condenser even though this did not reflect %n any

‘pignificant changes in the rate of mass transport.

The use of a fractiondl factorial test design proved

most successful in the present work. Vacuum pressure and

1

melt temperature were found to be the most significant

factors in comparison to mﬁlt surface area to volume ratio

!

and condenser distances. ' .
: The results obta@ned in Part II, confirmed that the

estimation of mean square (error variances) from two factor
‘ .
interactions, as well as estimated pxpegimental errors, had

been carried out correctly.

VI-2.B Effects of Pressure and Temperature

| Analysing of the effect of pressure,and éempe#ature
variations on impurity evaporation rates, one can obéerve~[
similar changes: For instance, holding 'the pressure coqstant

at 60 uHg or'at 100 uHg and varying the temperature from

. . . ] -
1150°C to 1350°C, values of KBi and KPb increased by two to
|

N ~

ra v —————— L
e s

"in Table 19. P ) .
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two and a half times (Figures 35 and 36 and Table 20).

Similaply, on holdipg the mdlt temperature cbnstant at 1150°c,

1250°C and 1350°C respectively, and varyiné preésures from

300 pHg to 60 uHg, overall mass transfer coefficients, KBi %5

¥
e

"

and K. , were again increased by two to two and a half times
-

Pb
(Figure 38). ‘

When one considers the effects of pféssurp and temper~‘
ature in combination much improved eliminations are possible.
Thus-by increasing the melt température from 1150°C to 1350°C
#ind decreasing the vacuum chamber pressure from 300 uHg to
60 uHg, the overall mass transfer coeffiéient could be
increased by a factor of six for pismuth and eight times for
lead.

In'view of the close relationship of Ki» K and KG
with temperature and pressure (Section III-1l) this behawviour
can be anticipated: Increasing temperature ca&ses aA increase
in solute vapourlbressure, activity coefficient, diffusivity
in the liquid and an increase in meanxfree path distances ig

the gas phase. Similarly, decreasing pressure cdauses an

increase in mean free path values resulting.in a decrease .

in ‘the gas phase's resistance to evaporating solute molecules.

In Figures 37 and 39, the results for we}ght percents
elimination of bismuth and lead at different temperatures
and pressures are prdsented. The results show increased
elimipatioﬁs for temperature‘changes between 1150°C and 1250°C

while pressure decreases from 300 uBg to 100 uHg, than for

e g 2% me

et s e o % terdm
.




TABLE 20. A Summary of Experimental Kinetic Data, Showing the Effect of Melt Temperature and
Vacuum Pressure

2

Bismuth Lead

Test ~ Press. Temp. @3 kao? ko ka3 x K(1073 k(1073 kU(10‘3 K

. No. ¥ Hg _ °c cm/8) cm/8) cm/s)‘ cm/s) (cm?s) cm/s) cm/s) cm/s) (cm?s)

‘ A~6 60 1150 5:09 1.32  28.44 1.89 631  2.00  47.92 3.54 704
A-3 GO\T o 1250 7.21 2.76 62.90 4.81 | 7§? 4.04 97.53 10.13 1024
A-5 60 1350 9.78 3.15  125.40 - 4.85~ 39T 4.70 180.99 9.54 536
A-1 100 1150 5.09 1.05  28.44 1.38 460  1.84  47.92 3.06 609

. A-2 100 1250 7.21 1.86\ 62.90 2.60, 406 i.sz 97.53 4.04 409
A-4 100 1350  9.78 2.33  125.40 3.13 252 3.93  180.99 6.81 383 .
F-1 300 1150 5.15 0.61  28.44  on 237 0.71  47.92 0.83 166
F-8 300 1250 6.59 0.99 ' 62.90 1.19 186 1.66  97.53 2.é6 4i329 '

e e i

F

“8LT -




Nt i, e g

(R

P oer yrime am e e gy 4 e
6

@

OVERALL RATE CONSTANT,K (10%)cm/s

o - — !\)
.U, o wn

o

I

Figure 35.

w
o

w
o

~N
o

o

BISMUTH

,~ N

-

L
1423

| : |
, 1523 1623
TEMPERATURE, K .

Overall rate constant vs. temperature, for bismuth.

179.




S, s

o & e RO RS S R a0

A o

ittt A e s

180.

o O w» o on
T

TE CONSTANT, K (10%)cm /s
N .
o

<
= 1.5
-
-
é ,
& 1.0
> . \
o PR
0.5F
0.0— - _
- 1423 1523 1623
TEMPERATURE, K
Figure 36, Oi:erall rate constant vs.. ‘temperatute, for lead.

g e A AR et RE At e ten MY LPLA. 48 P o tins




R e s

R IR NS RPR———

e R

= A
-

iy B A e
egt i . ¥

i A N o a1 S TG Aanta PN o

()

e S . : /

/—’/“"“}—4

N

100 50).1 000
Bi ‘u&' ]
Pb & A 6 0U.

60

WT% ELIMINATION; Bi, Pb

40

] I |
1423 1523 1623
’ TEMPERATURE, K

181.

* -
“%!' Figure 37. WtZ elimination vs. temperature, for bismuth and lead.
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temperature increases between 1250°C and 1350°C and pressure

decreaaes between 100 uHg and 60 uHg.

VI-2.C Processing Time and Reproducibility

By doubling the time from 120 min. to 240 min. in
_three experiments bismuth and lead concentrations could both
be éignificantly reduced below the 0.010% level (fables 12
and 13).

It was observed in these gxpe;iménts that the‘overall
mass transfer coefficient for b;;h bismuth and lead appeared
to decréaselsomewhat during the second 120 minute time
interval. In Table 11, a comparison of the results for

experiments F-9-X to F-9, F-7 fo F-10 and A-7-X to a~7

clearly indicates such a behéviour.l 1\'/
This suggests that there may ihdeed be a so cﬁlled

"eritical levei of concentration of impuritiesf for optimum

rates of removal. The level in thé present study would be

\

afound/loo ppm.. v
/ Duplication of th;ée4;ahdomly Se;écted experiments
confirmed the reproducibility of the' results presented
' (Table 14). -

\

VI-3. REMOVAL OF ARSENIC AND ANTIMONY

In two ekperiments (A-8 and A-9) carried out at 1250°C
, Y ’
and 100 yHg vacuum pressure, no elimination ¢f either arsenic
or antimony was obtained following 120 minutes of treatment

(Table 16). Thg‘explanation for this probably lies in their
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extremely low activity coefficients in molten copper
° = —6 o = "2 ° .
(v As 10 and _YSb 2.2 x 10 at 1573°C, Appendix I).

Consequently, even though their vapour pressures are high,

o - T AD
(P Sb AST 6 x 10° mm Hg at 1573 X,

Appendix I) their overall potential for evaporation is low.

= 2.74 mm Hg, P°

From the data provided in Appendix I, evaporation
mass .transfer goefficients were estimated for arsenic and
antimony by using Eqﬂuai:ions 20 and 39. The results were:

. Ky = 8.29 x 107% em/s at 1573 K
As

K, = 6.53 x 107>

Sb e

cm/s at 1573 K

Kg = 6.40 x 10”8 em/s at 1573 K =

Sb2 )

These values are generally more

an 100 times less

than K and K at similar temperatures.
E . E N
Bi Pb

\ In the two experiments the radtes of removal of bismuth

~

and lead remained very similar to those tained in earlier

experiments (Table 15), confirming that any solute inter-
actions between bismuth, lead, arsenic and antimony could be
|

discounted over the typical industrial ranges studied.

VI-4. INFLUENCE OF THE PRESENCE OF OXYGEN AND

3

SULPHUR IN THE SYSTEM

\
!

|
In the entire experimental work, oxygen and sulphur

-

levels were lc‘>[we1; than 0.001% in the copper prior to mel'ting_

and the melt surface stayed perfectly clean and clear durinq

ot
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.

the ekperiments < Thus, the lowest vacuum pressure obtained
was always in the range 40-:50 yHg while running the pumping

system ar full capacity .(as explained in the previous
~

sections, champer pressures of 60, 100 and 300 uHg x;were
maintained by leaking nitrog;n gas into the vacuum chamber).
Assuming'that it was all air then, the paftial pres{ﬁ:e of
oxygen in the system (21% oxygen in air) was oanly W10 uHg

at all times.

i
Thermodynamic calculations were carried out in order

to estimate the stability of the comngon‘ oxides of the elements

-
which are being considered, i.e. copper, bismuth, lead,

a

arsenic and antimony. The F.A.C.T. system facility of \

McGill University [123] was. utilized for this purpose.

Two different approaches were used in the calculations

°

:Eor( forming’hliquid metal oxides from either ligquid or gaseous

metal molecules with oxygen.

t

a) Assuming an extreme case of 500 uHg éhaml?er pressure

(Pc") = 100 puHg) the equilibrium temperatures were e‘stimated ,
2 ‘ .

-

(Table‘ 21-a).
b) At three different temperatures (1423 K, 1523 K .

and 1623 K) equilibrium partial pressures of oxygen were

- 1y

estimated (Table 21-b).
“In both cases it was .assumed that activity of copper

: _J
was 1.0, the activity of bismuth was 0.001 and the activities

) ‘

of. lead, arsenic and antimony were 0.004 (again extreme

[

cases were selected).
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TABLE 21-a. Estimated Equilibrium Temperatures at which
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Metal Oxides would Forml®?Z-

i

e T

187..

o

Temperature, K

<

For Metal Vapour

Element For LiquidIMetal‘
Cu- 1139 ° -
Bt 938.8 o 1043.1
" Pb 1000.1 ' 1091.3
As 3. ' 1410.3
Sb 1339.1 1384.5

!

i

1. Activities of the elements were assumed to be:

8cu

= 1.0, a

Bi

= 0.001, a

o

a

Pb ~ %as ~ 2sb,

Chamber pressure = 500 nHg, PO = 100 uHg

2. oM + J0,—

MnOm(l) 01.".1'11‘1(g

)

2
+ %0(8)_4- M0, (1) .

= 0.004

There is no data available for forming gaseous metal oxides.

3. There is no data available.

!

|
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TABLE 21-b. Estimated Equilibrium Oxygen Pressures at which Metal
Oxides would Forml»2 (for certain melt temperatures)

Minimum chamber pressure for oxide formation, mm Hg
v 1423 K 1523 K 1623 K
Element | Liquid  Metal  Liquid  Metal Liquid \ Metal
Metal Vapour Metal Vapour - Metal Vapour
Cu 0.018 - 0.073 - 0.249 = -

L Bi 36.7 17.3 . 187.7 64.0 775.2.  199.1
Pb 40.4 14.0, 302.5 53.6 1740.4 172.5
As - © 0.014 - 0.090 - 0.454
Sb 0.001 0.023  0.007  0.137 0.061 0.646

4

1. Activities of the elements were assumed to be:

aq, = 1.0, aBi = 0.001,
! m .
‘ 2. oM + 3 ..LMnom(l) or nM

Spp =

o
@ 2 %0

a, =a = 0.004.

As sb

-
—3 Mnom(l) .

There, is no data availabl\e for the formation of gaseous metal oxides

~~ 3. There is no data available.

I
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The first set of calculations indicate that at the
temperatures at which Fhe experiments were carried out, it
was not possible to form the metal oxides of any of the
elements being consideredl(Table 21-a) before or during the
evaporﬁtion\of‘the elementsxbeing considered. — ,

However, equilibrium’ temperatures for the formation
of oxides of both arsenic and antimony (1410 K for arsenic
and 1385 k for antimony) were much cldser /to the lowest
melt temperaﬁugg (1423 K) maintained during the experiments
than bismuth (1043 K), lead (1091 K) and copper (1139 K).

Simiiarly, in/the second set of calculations fof;
bismuth and lead the estimated equilibrium oxygen pressures
were much high%{‘than the oxygen partial pressures maintained
'in the experiments, while f%r arsen%c, antimony and copper

+ equilibrium oxygen pressures were closer to the oxygen
pressures {Table 21-b) maintained during the experfﬁénés:

On the basis of these thermodynamic studies one can
éonclude that in the experiments concerning the elimingtion
of bismuth and lead from copper there was no possibiliﬁy of
metal oxide formation beforé or during the evaporation of

|

the elements. One can therefore conclude that there_waf no
effect of oxygen on the results obtained. Howéver, this may
not be the case with arsenic and ;ntimony. ‘ ]
?hese results q}so show that metal oxides would l6rm
either after .evaporated metal molecules condense and du ing\
-cooling dogn of the particles pr after the experiment wgs

' * |
completed and air was1let into the vacuum chamber.
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" Furthermore, at the partial pressures of oxygen and at the

2]

There was no possibility of sulphur contamination
fin the system. |
Consequently, the effects of oxygen and sulphur
presence are considered to be negligible in the present
work, excébt in their influence on the precipitation of
bismuth and lead oxide condensates adjacent to the cooler
sidewalls of the chamber.

Computer print-~outs of the ca}culations are included -

w

in Appendix VII. ' o J
VI-5. ANALYSIS OF CONDENSATE AND COPPER LOSSES

Condensate samples collected from the chamber surface
were in the form of a b}g%k powdér of bismuth and lead
oxides. ' On the basis of thermodynamic calcuigﬁions deq}ing
with the stability of.these dxideé, it was deduced that
these particles precipitated in the gas phase, away from
the melt surface, at temperatures significantly below the
temperature of the coppef>melts (Tables 21-a and 21-b).

v
melt temperatures maintained during the experiments stable
oxide phases of' these three’ elements could not exist in
either the liquid or gaseous form. N

Analysis of the condensate showed that fine, micron
sized oxide particlés of bismuth and leaq were scattered

throughout ‘the vacuum chamber (Figure 33 and Ta?lesl? and 19)

and on t@e crucible sidewall above the melt (Figure 34~a, 34-~b).
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These indicate that evaporated molecules travel random distances
until on arriving at cold surfaces they begin to collect. This
may be an explanation again as to why, in small scale system,

(4

eliminations were found to be significantly higher than in

our large pilot scale system. Thus, since metallic vapour

lhas to travel longer distances in larger scale systems, the

probability of recondensation of evaporatgd elements at the
melt surface is relatively higher than precipitation of
adjacent cold surfaces. ]
The observation of high levels of bismuth and lead .
(>1.0 wt.%) on the crucible surface prééents a technological
problem. Thus, when one finishes refining.and starts pouring
the melt into a ladle or mold, it will be possible to recon-

taminate the copper with this accumulated condensate' on the !

;'f)-,
e

crucible surface.

; Copﬁer levels in the condensate were generaliy low
(Table 17); This is consistent with the difference in weight
of copper before and after tﬁe experiﬁents which was always
less than 1% of the initial weight of copper. Less than 1%\
copper loss included splashes which oqéurred during samplings
and after the experiment was completed during castipg\the
molten copper‘inyé tﬁe\molds. The weight of copper lost
to the condensate énd percentéges are reported in Appendix V,
Table V-3.

Considerably lower vapour pressure of copper (Appendix I)

within the \ temperature range of 1150-1350°C accounts for these
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low losses. Assuming a maximum rate of evaporation (Equation -
15), the weight of copper evaporatiﬁg in 120 minutes would\be
no more tﬁah 34-193 and 887 grams at temperatures of 1150-1250
and 135Q°€_respectively. This represents 0.1, 0.6 and 2.6%

of the 34 kg initial charge of ébppen£ It also indicates

that copper losses should be comparatively low for industrial

\

A

vacuum Fefining processes. \‘ ~
| 'knowing the maximum amount of copper that would ;e
ﬁransferred to condensate within 120 minutes and Essuﬁing a
typical average of 70% by Weight elimination for bismuth and

lead with the starting concentrations of 0.1% and 0.4%

respectively, the percent composition of the condensate can

be predicted as féllows: : N
'1159°C 1250°C 1350°C,
Nof N \
Bi 16 8 .2
Pb 62 30 9
Cu | 22 62 ‘89

N

Since.the maximpm rate of evaporation is assumed ford
Kl ) b

copper this would represent the most extreme case. Also,

from the time ¢opper charqes were molten until the first
sample was taken there was usually a 30-60 minute time gap.
This was needed to adjust the melt tenmperature and chamber
pressure levels to the desired values. Naturally, evaporation
of the impurities and of copper took place during this time
gap during which it was notopossible to measure their rates.

L

Therefore, comparison of predicted condensate compositions with

' L Q N
experimental results is somewhat suspect.
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VI-6. KINETIC STUDIES

N > R .
As no elimination of arsenic and antimony'could be
|
detected, kinetic studies concentrated only on bismuth and

(lead impurities in copper. / ,
Experimental results showed that the ellmlnatlon of
both bismuth and lead by vacuum induction melting followed
first order kinetics over ;he whole range of conditions studied.
For the linear, relatldnshlps fitted Mo the logarithms of the
relative changes in eoncentrations of bismuth and lead with
time, the lowest correlation coefficients obtained wére 0.940
for bismuth and 0.927 for lead out of a total of 20 independent
experimen?s. .
The conclusion is iﬁ‘partial accord with the results);

obtained by Ohno[49’50]

whog at pressure below 10 uHg, found
that the removal of bismugh obeyed first order kinetics yhiie
lead did not. The results of Bryan et a1.0%3] ingicatea that
bismuth only obeyed first order kinetics at pressures above
200- uHg, while below that pressure, the rate of removal of
bismuth deviated from first order kinetics.

In.all the present experiments, the overall rate constant
for lead was found to be higher then that of bismuth. This

-

,observation can be attributed to a two times higher activity .
!

" coefficient of lead as compared to bismuth in copper, together

with a vapour pressure of bismuth only\about 1.4 times that

of lead (Appendix I).
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The overall rate constant, together with component
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coefficients for the liguid, interface'and gas- phase (KL’

v | Kp an&>i¢,KU) have been plotted versus temperature (°C) for

two different levels of pressure (Figures 4d-a énd 40-b).

The éstimated Qalues of the coefficients fér.both bismuth

and lead were alwa&s in the following order of magnitude:

‘. ' y K. < Ky < K, <'KE\< Kg

This order shows that both biémuth and lead elimination

rétes were generally control}ed by the term, KU,‘containing

| the gas phase mass transfer qoeﬁficient. Figure 40 also shows

that there is a Eéndency towa;ds mixed control (i.e. liquid

plus gas) as melt temperature was increased and pressure

decreased. This tendency was stronger for lead than bismuth.

(k, By using Equation 39, evaporation mass transfer
coeff}cients, KEi , were ?gtimated for-diatcmic bismuth
molecules (Appendix I, Table I~l). They were always much
lower than evaporation magg transfer coefficients (KEi) for

3 monoatomic bismuth molecules (350 and 610 times lower at

. 1150%C and 1350°C (respectively). Therefore, it was decided

: to ignoré the\gyaporation of diatomic species and base
estimations only on LI for monoatomit bismith metal vapour.
\ Due to lack of e;perimental data on the diffusivity of

% \ bismuth and lead in liquid copper, liquid phase mass transfer

» - coefficient K, values had to be estimated based on assumptions
concerning D and AE (see Appendix III). In view of these
uncertainties, numericallj equivalent values of KL for both

. bismuth and lead were used in the analysis. ']
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/ C— Figure 40~-a. Mass transport coeffic‘i‘enl:s vs. temperature, at pressures
' of 100 and 60 uHg, for bismuth. l
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cﬁanges in the activation energy for diffusion, AE was

In order to demonstrate the sensitivity of K

decreased by 50% to 15,000 cal/mole and values of,p and KL
recalculated. The results are summarized inxﬁigure 41, where
chapges in the values of K; with temperature are shown for
AE = 15 and 30 Kcals/mole respectively. )

Comparison of the tho sets of values fo; KL shows that
a 50% decrease in AE could result in a 50% decrease iﬁ the
value of K, at hiéh melt temperatures of 1650°C. With such
uncertainty, a distinction between the probability of gas and
liquid phases transport control becomes questionable. Over
the lower temperature rﬁgges of the present experiments, such
uncertainties in AE are considéred less critical in considering
rate confrolling steps and concluding that kinetics were
ﬁominated‘by\transfer through the gas phase.

Values for the evaporation méss transfer coeffiéiéﬁt,
Kp, were also extrapolated up to 1650°C using the data in

. |
Appendix I. For bismuth and lead, the results are summarized

a3
in Figure 42, i

As mentioned in Chapter III, section 1, values for Ky

were deduced from Equation 31 and ¢alues for K; then determined

fe

by Equation 28. . , \

By using the present data obtained for Ky at 100 and
g . l
60 uHg chamber pressures and 1150, 1250 and 1350°C melt

temperatures (Table 20), a two variable linear equétion was

- determined through regression analysis for both bismuth and

/

-
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AE=15Kcdl /mole
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Figure 41. Liquid phase mass tramsport coefficient vs. temperature,
for two levels of activation energy, AE
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and‘lead. ' The equationsuare: :

) ° . i"‘

K, = (-14.526 + 11.75 x 10737 + 221 1/p) x 1073 (40)

~ Upi : ‘

Corr. Coeff. = .0.910 .

K, = (=30.50 + 24.38 x 10777 + 466 1/p) x 107  (41)

Pb K \ '.

Corxr. Coeff. = 0.915 ’ v o

a

Combining these Kb equations with those for KE and KL’

the overall rate constant, K, could then be "predicted” as a

function of chamber pressure and melt. temperature. é;milarly
extrapolating the above equations, KU and/KG could be o
estimated for temperatures of 1450, 1550 and 1650°C and h

pressures of 40 and 20 uHg. 'The results obtaineq7are given
" in Tables 22 and 23 and Figureé 43-46. )
For comggrison, Figures 43 and 44° include experimental
values of K; at pressure levels of 300, 100 and 60 uHg
respectively. . '
.Using values for K, (as calculated from Equatﬂoﬁs 40
, and 41), and those for KL and K;, values of the overall rate
constant K could be predicted over the temperature range
1150°C to 1650°C for both bismuth and lead at pressure levels
of 300, 100, 60, 40 and 20 uHg. The results are listed in
Tables 22 and 23 and plotted’against temperature in Figures}
47 and 48.

Extrapolated predictions suggest that at 1150°C,

decreasing the pressure from 100 uHg to 20 uHg cbuld increase
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TABLE 22. Predicted Mass Transfer Coefficients for Bismuth 3 AN - :
o R o = -
. ’ 300 p 160 p . 60 it 40 u 20 4 ‘

A i

Temp xL(10'3 i:l,_(it)‘3 K, {1073 K‘i ko gk x,  ka3 xao? kg xao? xae? . g k(0 k0 & k(1073

°c cm/s) cm/8) cm/s)- (cm/s) cm/8) cm/s) ch?s) cm/8) cm/8) (cm/s8) cm/8) cm/s) {em/¥) cm/8) cm/8) (cm?s) cm/s)
- - - O
1150  5.09 28,4 -0.28 - - 1.19 397  0.93  2.67 890  1.65 4.51 1504  2.21  10.03 3345  3.02 1

1250 7.21 62.9  0.90 140 0.79  2.37 . 370 1.73 ° 13.85 601  2.41 5.69 888  3.03  11.21 1749  4.10

1350 9.78  125.4 2.07 167 1.69 3.54 286 o 2455 ~ 5.02 406 3.23 6.86 554 3.91 12.38 1000 5.24

.. 1450 ~2.80 229.5  3.25 148 2.56  4.72 215 7 3.40  6.20 282 4.10  B.04 366  4.83  13.56 617 | 6.42 - .

% 1550 16.28  392.7  4.42 121 3.45  5:89 181, 4.28  7.37 - 202 5.01 9.21 252 5.80  14.73 403 7.58

1650 ° <20.19  616.0  5.60 98 4,35 7.07 124  5.19  8.55 149 5,95  10.39 182  6.78  15.91 278 8.77
13

) Y - ) - / ’ — <
- - o
1 ‘f
- ’ LS

‘102




p oo - - ~ e P AL T e S e T I L TN N S A Y SR e e o S YS A, 0Ny - © e A= Ay e S e
o~ ~
H N — s
, - , i}
Q LY
3 ¢ ’
b ’ -
: , i :
i ©
] . )
i - -
o ’ s -
s
) ° )
. TABLE 23. Predicted Mass Transfer Coefficients for Lead ‘ -
' 1300 u 100 u 60 1 40 1 20 u ' ;
-7 —
; . remp (1073 Ko} kao? k  xao? xaod kg  kao? gac? ok ka0 kao? kg k@0 k0 ks k(10 3
T o°e ¢m/8) cm/s) cm/8) (cn/sg cm/s) cm/s) (cm/s) cm/s) cm/s) (cm/e) cm/s) cm/s) (cm/8) em/8) cm/s8) (cm/8) cm/s8)
N3
| 1}[50 5.09 47.9 ~0.91 - = 2.26 437 1.49 5.31 1055 27,47 9.19 1826 B 3.07 20.81; 4141 3.77
o b )
; 1250 7.21 97.5 1.53 155 1.25 4.64 469 2.74 - 7.75 783 3.60 11.63 1175 4.26 23.28 2353 5.21 _
Y e B R
. 1350 9.78 181.0 3.97 223 2.78 7.07 397 4.01 10.18 572 4.85 14.06 790 5.59 25.71 1444 6.82
oy -
i « 1450 12.80 311.6 6.40 216 4.21° 9.51 320 5.36 12.62 " 425 6.23 16.50 556 7.05 28.15 948 8.56
i - . e
; 1550 16.28 503.9 8.84 189 5.66 11.95 256 6.80 15.06 322 7.70 _15‘./910 405 8.561 30.59 655 10.41 .
H - 1650 20.19 769.1 11.28 163 7.17 14.39 207 8.31 17.50 o 252 9.26 21.38 308 10.25 33.03 476 1,,2: 33
H - . / -71,
N . .
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Figure .43. J(U vs. temperature, at different chamber pfessures, for

N

bismuth.
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Figure 45. Predicted gas phase mass transport coefficient vs. temperature,
at different chamber pressuyres, for bismuth.
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. ( KBi by 3.3 times and Kop 2.5 times. By comparison, at 100 u Hg,

increasing the temperaturé from 1150°C to 1650°C should increase

both KBi and K by 5.6 times, while the increase is only 2.9

Pb
- times for Kps and 3.3 times for Kpp at 20 p Hg. By increasing
. the temperature from 1150 to 1650 and decreasing the pressure

from' 190 M Hg to 20 y Hg, it /is predicted that kBi and KPb
should increase by 9.4 and 8.3 times respectively. Th:'i.s would
i mean the level of \weight percent elimingtio7 tha§ could be

/ \obtained for bismuth and lead at 1150°C and 100 y Hg in 120
minutes ,sh6uld be obtained within 13-15 minutes at lGSOfC and
' 20 u Hg. | ‘ . | ]
l ‘ Based on the experimental results obtaiged at -100 and

—_— 60 u Hg chamber préssures and 1150, 1250‘and 1350°C melt
(h; i temperatures for overall rate constant, K, (Table 20) a two
variable-temperature and preésure-linear equation was also

determined for both bismuth and lead through regression

analysis as follows:

; Ky = (-8.967 + 7.78 x 1073 +99.5 1/p) x 1073 (42)
Corr. Coeff. = 0.958 \
Ky, = (-13.43 + 11.98 % 1075 T + 122.5 1/p) x107% (43)
| | Corr. Coeff. = 0.959. ,
| With these equations it is \again possible to extra-
polate the values of K up to 1650°C and decregsing’ the
pressure to 40 and 20 |u;Hg. The \results are summarized in
';‘ai:;le 24 and in Figures 4‘9'.‘andﬂ 50 for bis“muth and lead
\ respectively. In Figures 49 and 50 experimental K values
( ) were also plotted against temperature at 300, 100 and 60 u Hg.
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TABLE 24, Extrapolation of Overall Experimental Rate Constant for Bismuth and

Lead !
N Bismuth Lead
K(10  cn/s) K(10 3 cn/s).
Temp .
°c 300u 100 60u 40u 20p 300u 100y '60u 40y 20u
1150 0.31  0.98 1.64 2,47 4.96 0.76 1.57/ 2.39 3.41 .6.47
1250 1.09‘/1.75 2.42 f.ZS 5.713  1.95 2.77 3.59 4.61 7.67
1350 1.87 253 3.19 4,02 b.51 3.15 3.97 &4.79 5.81 8.87
1450 2.65 3.31 3.97 4,80 7.29 4.35 5.17 5.98 7.00 10.07
1550 *  3.42 4.09 4.75 5,58 8.07 5.55 6.36 7.18 8.20 11.26
1650 4.20 4.87 5.53 6.36 8.85 6.75 7.56 8.38 9.40° 12.4?
;
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Over.all rate constants obtained from linear equations
(Equations 42 and 43) are in good agreement winth the values
predicted fron; KL'," K, and K; on the semi empirical basis ,
previo'usly described for both bismuth and- leaq. Both sets of
valpes are also in excellent agreement with the experimental

results, as shown il Table 25.

0Of these two sets of correlations, it was decided to

~—

select Equations 42 and 43 as most appropriate to the present

work since‘ they were dirvectly related with the experimeﬁtal
results. I ) ’

ASs implie% in the previoué discussion, it was expected
and supposed lat the gas phase mass transport coefficient,
KGJ, was inversely proportional to chamber pressure

line with equiw lent variations in gas diffusivities with

|

.clearly as ?the c%hamber pressure could not be reduced to the

1 uHé‘ range. Similafly, insufficient knowledge of transport

, o,
in the gas phase, 'and the role of trace amounts of oxygen

precluded the qu%ntitative prediction of gas phase mass transfer
a 1

¢

coefficients.. |
1
L}

Other Cons iderat{ons :

As mentioned. in Chapter III, in the present study, the

[47',48] in

ambient pressure. In present work this could not be demonstrated

possible effects pf gases present in Fhe gas phase, of surface

active elements which may be present at the interface,

transfer on the condenser. surface and finally p

of-heat

J
ing rate were

~—
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TABLE 25. Comparigon of Experimental Results with "Predictgd" Ovexrall Rate Constants, K(10 “cm/s)
. 'K(10—3cm/s)
BISMUTH - "LEAD )
"Predicted" "Predicted \ .
Press. Temp. Experimental = from KL Kg Best Experimental from KE Best
UHg . °c Results and Ku Fitted*: Results and Fitted?-
60 1150 1.32 . 1.65 .1.64 2.00 2.47 2.39 )
60 1250 " 2.76. , 2.41 . 2.42 4.04 . 3.60 3.59
60 1350 3.15 Ty 3.237 3.19 4.70 - 4,85 4.79
100 1150 1.05 0.93 0.98 1.84 1.49 v 1.57. )
100 1250 1.86 1.73 1.75 - 2.54 2.74 2,77
160 . 1350 2.33 ~ °© 2.55 2.53 3.93 4.01 3.97

1. As calculated from Equations 40 and 41.

2. As calculated from Equations 42 and 43.
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not determined. These eﬁfects, whether orjngt important, were
incorporated in the values of KU' this being calculated from‘_
the differengg of K and (KL + KE). ~During the course of
experimeﬂts, it was observed that the melt surface always

remained clean and shiny, -and there was no obvious oxide layer

N /
.

present. i
i

' VI-7. COMPARISON OF RESULTS‘WITH PREVIOUS WORK

!

A study of the kinetic datagavailablé in the literature
showed that in most cases information regarding certain
variables were incomplete (e.g. e;pecially melt surface area

to volume ratio), so that a thorough comparison of the results !

.reported by varipus investigators and present results was not k

possible. Consequentlyy pnly the range of results available

in the literature could be compared with the range of the present
’ i

H

resulés.
| A summary of work up to this date by ¥various sciéntists
{Table 3) is compined with the present results and included

in Tabie 26. ‘ '

The comparison shows that the weight percent eliminations-
6btained,for bismuth and‘lead in the present study were
generally lower than thosé'reporieq by previou§ researchers.

This was‘the"case even afégr 240 minutes of treatment (Table 11).
This discrepancy has beehAattributed to éhe higher p:essureé
and lower. A/V ;atios applied in the pr;sént study relative to

other experimental conditions. Also, since the weight of the’

—

“
‘
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TABLE 26.. Comparison of the Present Results with the Results Availsble in Literature w
Copper Elifmination, weX K103 ca/s) -
Weight Press. T Temp. Time AV - Ref.
Source kg 1g *c min o™ Bi b . As Sh. Bi Pb [
. %
’ Present 34.G 60~100 1150-1350 120 6.7-10.2 40-80 50-90 0 a 1.0-3.0 1.5-4.5 -
Kameds ° 0.03 160 1160 60 - 50-80 490 10-30 50-55 - - " 26
- %
Kameds 0.03 100 1200 60 - +90 +95 40-70  30-40 - - ; 26
Ohno 0.15 1-8 1200-1300 5-20 60 +95 495 - - 8-30 10-36 ' 54,55
Bryan ~ 0.02 80 1170 60 - 99 - ~ - -~ ¢ - 58
Bryanl* - 4.00 20-200  1200-1300  50-60 - so-95%r -~ - - - - 58
Komorova 0.03 10 1200 120 - 50-80  50~30  50-80  50-75 - - 59
Golovko - 100-500 1200 5-15 - 93 100 20 20 - - 62
Kim - .- - - - - 75 30-50 40 - .- 68
K?ecani . 0.6-6.0 % 1000-2000 1200 Vacuum Lift 10~ §0-80 10-20 20 - M 29
. Refining
Taubenblat 25 <0,1 1150-1300 k1] ~ 30 50 - - - Cathode Copper 85

(03

1. Overall rate coustants were reported In different unit and

2. Estimated from. the graphe.

could mot be compared with the present values.
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3

in the present pilot scale study was 200-1000 times larger than
4 . | ’ |
those used by previous investigators, these is good reason to

suppose that the present results are more representative of
d \

kinetic mechanisms one would expect to observe in large scale

systems.

0hno[54,55] and Brjan et al.[sa] were the only investigators

" who carried out kinetic studies and reported overall mass

transfier coefficient values.s They reported different rate

cbnstants, Chno using units of "kg m_2 s—l" while Bryan et al.

used "em™? s”I*. From the information given in Ohno's data,
!
it is possible to convert his data to allow comparison with the

\
present work. »
1 . ‘ \
o o ¥(ohno)
. . Cu '

\ K(present study) -

This was not possible foi‘thg data of Bryan et al., since neither ,

crucible radiug, mélt density nor type of copper melted was

reported. -

It was found‘th;t in the present study Kos was =10 timés
and KPb was =27 times lower than' the values reporfed by'Ohno[54’55]
This w;s attributed to higher chamber pressﬁre, lower-A/y ratios,
and the larger scale experiments in the present s%udy.

Concﬁrrent work in the same equipment, work on vacuum

' <
refining processes in steel Fnd cast iron melts By Harris[lZZ]

and Bernhurst and Gruzleskirtﬂa]

respectively have also
indicated that refihing processes can operate at very diffqrent

rates in large (pilot scale) as compared to small (laboratory
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scale) vacuum systems. It is therefore?clear that special

care should be directed towards understanding the causes for

such changes in mechanisms in any scale-up (or scale-down) ' .
: 1

|
studies.
In Table 25, the results of vacuum lift refining studies
carried out by Kametani and Yamauchi as an alternative to

|
vacuum induction melting[29] are included. The percentage

i -
. <

eliminations were generally much lower than these by vacuum

induction melting. The results obtained by Taubenblat et al.EsS]

af; also includég in the same table as being representative of
the\recent work on the refining of cathode (rather than anode
or blister) cobp r. These were mainly degassificatioﬁ\experiments
and,f?s we would expect, starting leQels of metallic impuiities
were much lower than the blistér or anode type copper being
considered in the present study. Good%degassification, but
low elimination of metallic impurities, wére obtained.

' As shown 'in Table 26, zero elimination of either arsenic
or antimony in the present study contradicts the results of
Kameda and Yazawa[ZS]; Komerova[sgl and Golovko[62]. Further

studies need to be carried out to investigate the mechanism of

. their rate of removal in more detail, i.e. the possible effects

of oxygen.and/or sulphur éoncenprations in the melt.
. 1 .
These comparisons reveal that the present study contains
! . '
by far the most detailed consideration into the kinetic

'mechanisms of impurity elimination from copper so far reported.

. ! I
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In terms of claims to originality, the placement of a
oy L

water-cooled condenser as close as 1.5 - 2 cm to the melt

surface was novel and unique to this work. Similarly, the

\

. !
concentration-time data was significantly more extensive in

comparison with the three data point per experiment obtained
[54,55] '

by Ohno Finally, a detailed analysis,of condensate

P

composition was again unique to this work.
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CHAPTER VII

1

CONCLUSIONS .

Based on the results and discussions presented in previous
chapters, the following conclusions can be drawn:
I
, .
1. In the absence of exygen and sulphur, bismuth and

lead could be eliminated by up to 80% and 90% respectively

from copper by vacuum induction melting, while removal of
arsenic and antimony was negligible.

2. The rate of removal of bismuth and lead increased by
{

about 5 and 7 times respectively as aﬁe chamber pressure was -

lowered from 300 to 60 uHg and the melt temperature increased

e

from 1150 to 1350°C.

3. The melt surface area to volume ratio and the distance

\

of the condenser to melt surface did.not have significant effects

on the rate constants governing the rate of removal of impurities.

4. The rate of elimination of bismuth and lead over the
range 1150 - 1350°C and 300 - 60 uHg, followed first order
kinetics. . T [

5. Elimination rates were largelj co;trolled by mass
transport in the gas phase. However, as melt temperature
increased above 1350°C and pressure decreased below 60 uHg,
kinetic -analysis indicated that the rate of eiiminatiqns were

controlled by a combination of both ligquid and gas phase mass

transport.
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6. It is predicted that a. lowering of chamber pressure

to 20 uHg and a melt temperature of 1650°C would generate
3

2

overall rate constants of 9.x10"3 amfl and 12.x10° <ms'l for

bismutp and lead respectively.

t

7. The rate of eliminagion of impurities in the present
pilot plant scale equipment were significantly lower than

laboratory scale results.

P

8. Total copper losses to the condensate in vacuum

'

induction melting were found to be low. 1In the range of 1150-
1350°C and 300 ~ 60 uHg it is not more.than 1-2%.

9. Vacuum induction melting would appear to give better
results than vacuum lift refining.

10. 'There are no known commercial installations for the

vacuum refining of copper. ' .
Ie \ N

Claim to Originality:

!

v

The following aspects of the présent work are considered
to be original:
a) A study of the vacuum refining of copper at a pilot'
plant scale; .
b) A study of the effects of a water cooled condenser
on the evaporation of impurities;

c) A detailed analysis of condensate samples;

d) Detailed kinetic studies and calculations; :

J

l\{

e) The development of equipment and techniques for frequent

sampling during vacuum refining experiments.

.
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Suggestions for Future Work : '

The possible effect of oxygen and sulphur concentration
levels on the rate of removal of impurities from copper should
be investigated since/ the-vapour pressures of oxides and .
sulphides are generally muéh higher than pure elements.

Similarly, the simultaneous presence of oxygen and
sulphui and possible nucleation of sulphur dioxide in the
copper should be investigated as this could possibly increase
melt surface area to volume ratios to higher levels.

The conditions néceséary for improving the elimination
of arsenic and antimony should be determined.

A feasibility study of vacuum inductién refining and a
full comparison with the exiéting pyrometallurgical copper

refining processes should be preparéed.

&
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I-l.) V&u&our Pressure of Pure Elements: . N
‘\ , ' v

) ’ i

\ i ) \ ¢

Cu: log P® = -17520T"" - L.21 log T+ 13.21 mm Hg [125]
i

Bi: log P° = -10400T"T - 1.26 log T +,12.35 mm Hg [125]

Bi,: [llog P°= -10730T"% - 3.02 log T+ 18.10 mm Hg [125]

Pb:  log P° = -10130T"% - 0.985 log T + 11.16 mm Hg - [125] -

Sb: P b ™ 2.7 mm Hg at 1573 K [38]
pgb ~ 66.12 m Hg at 1573 K [38]

2 .
As: P = PAs + P + P = 784 atm = 6x10\5 mm Hg at 1523 K [59]

ABT A82 Asl’

|

I-2, Activity Coefficients:
/ B

P

log ¥3, = 190011 - 0.885 091

e bt stk

log vg, = 258701 - 1.010 [9]

Yo, ® 2.2x 107 ae 1573k [9] | 5;
° -6 | ?
Ypo 2 107 ar 1573 K [9]. = i !
1 i
I-3. Density of Copper: k \\ §
. " i
-4 3 ‘ :
pcu\'\' 7.936 ~ 7.862 x 10 ~ (T-1356) g/cm~ [126] ;
. ™~ !
T = temperature, K' ~ g J
= 3 ! - 3 \
Py = 7-88 g/ém-\at 1423 K P, = 7-65 g/cm” at 1723 K
T 3 - 3
Poy = 7-81 8fw” at 1523 K Py ™= 7+57 )g/cm at 1823 K
. 3 » 3 ‘
Py = 7-73 gfcn” at 1623 K P, = 749 &/cn” at 1923 K ) |

{ 7
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; |

| ,

i /

- C |
I-4. Molecular Weights: \
i «

g , |
! | MCI_.\ - 6.':).54 f : ‘ \:

\ ) 1
| Mg, = 209,00 \\
? . ]
; MBiz = 41&7.00 - | -
My, 207.21 \)\
My, = 121.76 , ‘ |

M, = 7691

. |
4 . ) I-5. Crucible Dimensions:
! #30 Crucible: r = 9.6 cm A/V = 0.067 cm >
| g .
; ( J50 Cructble: r= 11.8 cm ANV = 0.102 cm
[ .
§ Alunina Crucible: r= 9.9 ca AWV = 0.071 cm ©
;f- .
:. I-6. Pressure Convertion: l
§ ‘ .
/ 5
1 atm = 760 mm Hg = 1.01325 x 10" pascal
n 1 .- 10 60 100 300 '1000 -
pascal 0.13 1.33 8.00 13,33 40.00 133.32
Vs /’
‘; |
.
. . , I
( ) | \ '
o l . ' ’
ﬁ.—g-——m—"-—“‘_’_",\\g Q ‘
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Table I-1.
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’

Values of Activity Coefficient, Vapour Pressure and Evaporation Mass

Transfer Coefficient

/

‘ |

2.16

rep. Y P, m Hg KE(10'3)cm/ 8
K Bi 312 Pb Bi Biz Pb Bi Biz Pb

1423 2.82 2.82 6.43 17.71 10.89 8..62 28.4 0.080 47.9 °

1523 2.30. 2.30 4.88 32.45 27.73 23.64 62.9 0.133 97.5

1623 1.93 78.91 62.18 57.06 125.4 0.205 181.0

1723 1.65 1.65 3.10 - 0.297 311.6 ‘
© 1823 1.44 1.44 232.55 246.24  392.,7 ’ Q;l‘ll 503.9 -

1923  1.27 636.75' 400.46 454.43 616.0 | 0.542 769.1
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II-l\. Mean Free Path Calculations:

A= —E w333 x 10720 —g—'cm (27]
7z 1elp €°P

A = mean free path, cm

T = temperature, K

™
|

molecular diaméter, cm
P = ambient pressure, torr r /

k = Boltzman Constant

Temperatures: 1423 K, 1523 K\, 1623 K -
Presegres : 60 pHg, 109 HHg, 300 uHg

80 pascai, 13.33 pascal; 40.0 pascal
Holecu]/.ar Diameter: (X = 10-8cm) b[1{7]

Cu: 2.56 x A; Bi: 3.40 x A; Pb: 3.50 x A,

As: 2.78 x A; Sb: 3.18 x A

241.
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CL “ Table II-1. Predicted Mean Free Paths, A(cm)
. . /i
Copper: ! Arsenic:
L -
Pressure/ 1423 1523 1623 Pressure/ 1423 1523 1623
Temperature Temperature
8.0° 0.843 o./gos 0.962 8.0 0.715 ©0.765 ' 0.816
. ' 3
13.3 0.506  0.541  0.577 13.3 0.429  0.459  0.489
' 40.0 . 0.169  0.180, 0.192 40,0 0.143  0.153  0.163
™., .
N
Bismuth: T I Antimony:
- g ,
g‘e”‘.‘re/ 1423 1523 1623 Pressure/ 1423 1573 1623
ex?perature . Temperature
8.0 0.478  0.512  0.545 8.0 0.546  0.585  0.623
13.3 0.287  0.307  0.327 13.3 0.328 0.351  0.374 ",
40.0 0.096  0.102  0.109 ‘ 40.0 0.109 0.117  0.125
Lead: .
Prefsure/ . 1499 ° 1543 1623
Temperature . o
- J
8.0 0.451  0.483  0.515 ‘
' ' -
13.3 0.271  0.290 0.309
i
40.0 0.090  0.097

Vo
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f o L APPENDIX III
ESTIMATION OF QIFEUSION AND MASS TRANSPORT
N 3
g _COEFFICIENTS IN LIQUID PHASE
‘./ . 3 1
s ’ a
1 "
4 i |
3 i
Q/ * Q -
N, \
g 3
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- III-1. ESTIMATION OF DIFFUSION IN LIQUID PHASE

i

ITI~-1.1. Empirical Equatiomns:

»

244.

' N\
In order to estimate the diffusion \in liquid copper,empirical equations

studied are as follows:

. 1) ,Equ:ation of Walls and Upthegrove  for Henrian Solutions [52].
kT
D,_ = B

AB
O anA(Zb-H')uB

4

(i1) Equa\l:ion of Sutherland for rA!'.! 3 [,52]

C LT
AB
41TrAuB
°{i1i1) Equation of Stokes-Einstein for r, > rB.[SZI
| <D kBT . f | \‘
TAB T Lo
(.‘n'rrAuB .

-

(1v) Arrhenius Equation [52] <

v

D D -OE/RT
@ 2 -1
D, DA B diffusion (of solute & in solvent B), cm’s
’ 1
kB = Boltzman constant, 1.38062 x 10-23 joule g1
T‘= temperature » X
X r, = radius-of solute molecule, )4 1078 cm
. ry = radius of solvent molecule, & 107 cm
b = ratio of,rA to solvent intera‘tomi_c spacing
-1 -1
Hg = liquid solvent yiscosity (pbise) gm cm
x Do =ediffusion coefficient, dmzs,. 1

1 % @
L

3

(I1I-1.)

(I11-2.)

(II1~4.)

L

N e oA
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¢ AE = activation emergy for diffusion  cal gmole T

1 2 =2 -1

R = gas constant, 8. 31434 x 107 gmole =g cm” 8 ° K

{

III-1.2. Data Available:
N

Data used in the computations are listed below and the results are
tabylated in Table III-1.
AN

(a) Radius of molecules: ([127]

\ _ r, =1.284, r,, =~1.708%, r, =1.752%

— Cu Bi Pb”

(b) Interatomic spacing for copper: [127]

3

2,55 &
(c) Viscosity of liquid copper: ([47]

H

= 3cP = 3 x 10—9 joule's-cm°3 ) i
Cu -

\

2 7 (d) Activation energy for diffusion: .[52]

e
s

AE = 30 kcai-mole-l .

III~1.3. Estimation of Diffusion by Arrhenius Edustion:

e .

It is assumed that D = 1. x 10~ cm2/s at 1423k and AE 4 30 kcal/mole
at all temperatures. Then by ratio of D 1423 to D 1523,'D at 1523 can also be

f ( determined: i

é | 1 1 ;
Y D 1423 _ -AE/R (<553 - =5355) )

D 1523 e 1423 1523 -

<

o

By using the ratio method, diffusions are estimated up to 1923 XK and included
. in Table III-2. Sensitivity of diffusion to decreasing AE to 15 kcal/mole
is also checked and included in Table III-2.
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Estimated Diffusivities of Bismuth and Lead in Liquid Copper

TABLE III-1.
;
Walls & Upthe.  Stokes & Einm. Sutherland -
Yanp. (10 5cn?/s) (10”5 cm?/s) (10~ 3ca?/s) ” -
C .m Yom Bi Pb B1 Pb |
1150 2.63  2.51 2.05 1.39 3.07 2.98
1250 2.81  2.69 ! 2,19  2.13 . 3.28 3.19
1350 3.00  2.86 2,33 2.27 3.50  3.40 !
\
TABLE I1II-2. Estimated Diffusivity and Liquid.Phase Mass Transport Coefficilent
‘ Va%ues for Two levels of Activation Energyl- .
AE = 30 kcal/mole AE = 15 kcal/mole
Temp. 5 ) L 5 iy
c (10 tm“/s) (10 cm/s) (10 cm”/s) (10 cm/s)
1150 1.0 5.09 1.0 5.09
1250 ‘Yz.o \ 7.21 i.az 6.06
1350 ‘3,70 . 9,78 C1.92 7.05
1450 6.34 12.80 ' 2.52° 8.07 .
1550 10.25 16.28 3.20 9.10
1650 15.77 20.19 - 3.97 10.13

1. Crucible radius = 9.85 cm

\
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III-2. ESTIMATION OF LIQUID PHASE MASS TRANSPORT COEFFICIENT

re
Based on the estimated diffusion values, liquid phase mass transport
coefficients, KL* were calculated at different temperatures and for the
Tt
three different diameters of the crucibles used in the experiments. These
values which were used in the kinetic studies are included in Table III-3.
. \
* Equ;tion for predicting KL is given by Equation 14. ‘ »

TABLE III-3.

Estimated Liquid Phase Mass Transport Coefficient Values for

Different Crucible Radiusl-

P R i Rt RL AN S TP

y o

N

!\r 247.

\

~

K, (10 cn/s)

\ ]
Crucible radius, cm ) )
Tenp.
°C 9.60 11.80  9.85
1150 5.15  4.65  5.09 §
1250 7.30 6.59 7.21 )
1350 9.91 8.9  9.78 5
P ] i
. i
1. AE = 30 kcal/mole . |
. |
‘i, ~
\\ A
v
\ )
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" and the mean squares from the data obtained.

249,

Iv-1. CALCULATION OF EFFECTS AND MEAN SQUARES

In order to analyse the effects of four factors on overall n\xaas

4

transfer coefficient, K, the first st":ep was to calculate the effects measured
[]{.20] d[120] \wa[s

-

Yates' Metho
used for tl}is purpose and the results obtained including the stepwise
é:alculation columns are tabulate)d in Tables IV~1 and IV-2 for bismuth and
lead resp‘ectiw;'ely. This calcu]:ation provideg the seven effects (A, )B, c,
D, AB or CD, AC or BD, BC or AD) involving seven independent comparisons
petweé'n the eight responses. Thus, in this test design, since every eff;act
is based on one degree of freedom, the sums of squares also denote the mean~

\ i

squares.

)
IV-2. INTERPRETATION OF RESULTS

In order to carry out a comparison of the effects measured using
statistical testing methods, the experimental error variance need to be
established. Since there was one set of experimental data, there was no .

direct estimate c;f the experimental error variance by which the significance
‘ .

of thé effects might be judged. In non-replicated fractional factorial

test designs such as thig, the interaction mean squares can be used to give

an estimate of the error variance.[lzol

\
~
variance can be estimated from the variance obtained by duplicdting a

1
Or, as an alternative, the error

few randomly selected experiments from the test design.

Method a. ° . , N

In Table IV-3~a calculations for the mean sum of squares (estimate of’

error variance) from two factor interactions for both bismuth and lead are

i
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‘

. shown. Using fheselvalues, Fytests wére carried out for one and three

degrees o{ freedom to determine the significant effects (Table IV-3-b).
At 5 and 107 leGelg of F-tests, melt temperature;epd vacuum pressure
were defined as the most gsignificant factors effecting mass transport

coefficient of bismuth and lead.[lzo?

e

Method b.

In Table IV~4-d estimation of error variance from duplicated experiments

K

(Experiment E-i was ﬁupl}cated in exberiment F-1-X and experim;nt F-3 was
~duplicated in test F—?—X) is tabulated. Using these values, again F-tests
were carried out for ome and two‘degfees of freedom to determine the

significant'effects (Table 1I¥-4-b) for both bismuth and lead. Similar

results to "Method a'" were obtained and significance levels were much higher.
Factors:- melt temperatutre and vacuum ﬁressure, were determined as signifi-
cantly e}feeting the overall ﬁass transport coefficients of both bismuth
and-lead at the 1% level of F-test. =

Algso at 5 and 102 levels of F-test the interaction effects of .BC and

AD were found to be s{gnificanﬁ (Table IV~4-b). The effects of interactions

were further analyzed by the twoewey\table of total effects[lzo] (Table IV-5).

The interaction effect of AD seems to be slightly highef than BC, 1.461s
compared to 1. 393 for Bi and 2.158 compared to 2.089 for Pb. Since the
difference 18\?° small it is difficult to separate the interaction effects
of AD and BC from each other. Table IV-5 indicates that combined effects

of decfeaaiug vacuum presgure and decreasing condenger distance to melt

surface thus again combined effecdts of i#creasiug melt temperature and
I l v

increasing A/V can have positive effects\on Ky, and K .
[

|

‘ o
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\ ' o TABLE IV-1l. Calculation of Effects and Mean Squares by Yates' Meibod * Bismuth
- Sum of Degrees
*

Experiment Resp:);\ aes Mean ‘Effgct: Squares Effects Total of
Number K(10 ctm/s) (1) (2) (3) (Col.3)/4 (Col.3)2/8 Measured Effect Freedom

N F-2 - 1.127 1,738 4.183. 8.009 - - - - -

F-1 0.611 2.445 3.826 -1.811"° -0.453 0.410 -1.811 1

F-3 1.337 1.041 -0.745 2,451 0.613 0.751 B 2.451 1

F-4 ~1.108 2.785 -1.066 -0.253 -0.063 0.008 AB,CD -0.253 1

F-5 " 0.652 -0.516 0.707 -0.357 -0.089 0.016 C - -0.357 1

F-6 0.389 -0.229  1.744 -0.321 -0.080 7.0.013 AC,BD -0.321 1

F-7 1.794 -0.263 0.287 1.037 0.257 0.134 - BC,AD 1.037 1

- F-8 0.991 -0.803 ~0.540 -0.827 -0.207 0.085 D -- -0.827 1

Total 8.009 - - - - 1.417 - - - 7

*Arithmetic Check:

Sum of Squares = (1.27)2+ (0.611)2 + (1.337)2 + (1.108)2 + (0.652) +

-

~

_ (8.009)>
)

N\

= 1.418"

e e e

e

4

(0.389)% + (1.794)% + (0.991)>

*1s¢
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TABLE .IV-2. Calculation of Effects and Mean Squares by Yates' Method - Lead !
J
v ‘ ¥¥ I
; \ - Sum of - Degrees
‘ *
Experiment Resggnaes ’ Mean Effe?‘ Square; Effects Total of
Number K(10 “cm/s) 1) (2) (3) (Col.3)/4 (Col.3)"/8 Measured ‘Effect Freedom
F-2 1.795 - 2.502  6.148 12.032  _ ~ - - - - -
" F-1- 0.707 |, 3.647  5.883 -3.262 - -0.861 ©1.330 © oA -3.262 1
.F-3 . 2.215 1.706 -1.871 3.616 - 0.904 1.634 - B 3.616 1
P-4 *1.432 4.177 -1.391 ' -0.034 ~-0.009 0.0002 ~  AB;CD -0.034 1
F-5 1.116 -1.088  1.145 -0.266 -0.067 0.009 C -0.266 1
F-6 0.590 -0.783  2.471  0.480 0.120 .  0.029 AC,BD 0.480 1
F-7 — 2.521 -0.526  0.305  1.326 0.332 0.220 BC,AD -1.326 . 1
F-8 1.656 ~0.865 -0.339 -0.644 -0.161 0.052 D -0.644 1
Total 12.032 - - - - ~ 3,274 - - 7

*Arithmetic Check:

-

2

Sum of Squares =~ (1.795)% + (0.707% + (2.215)% + (1.432)% + (1.116)% + (0.590)% + (2‘.521’)27(@6)\2\

X4AT4
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TABLE IV-3-a.

253.

p

Estimation of Mean Square from Two Factor Interactions

Interactions B Pb |
‘ AB,CD 0.008 . 0.00I
; |
- | ¢ t
. | AC,BD 0.013 . 0.029
) -
BC,AD 0.134 0.220 v
, s \ . ’ ’
~ Total sum of .
squares 0.155 0.249 \
! Number of
.sum of squares 3 3
: Mean sum of
( squares 0.052- 0.083
:} .
9 — i !
' ' 1
8 / |
P i
O \ f
{
. ) .
5 \
|
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TABLE IV-3-b.

i s o o i e
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Analysig of Variance Based on Interactions (Determination

of Significant Effects, F-test for 1, 3 degrees of freedom) _

<

Bismuth:
. Significance Significant
Z Level F-value Mean Squ. Level ‘Effects
10 5.54 x  0.052 0.288 ’ B,A
5 10.10 x 0.052 0.525 B
2.5 17.40 x  0.052 0.905 -
1 %.10 x  0.052 1.773 -
\ Lead: N
) - Significance  Significant
% Level F-va]:ue Mean Squ. Level Effects
10 5.54 x 0.083 0.460 B,A |
L 5 10.10 x l0.083 0.838 B,A
| 2.5 17.40 x 0.083 1.444 B
1 34.10 x 0.083 2.830 -

I

&
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/TABLE IV-~4-a. Estimation of Error Variance From Duplicated Experiments

’ L Error
Origina‘:.lé/ . Duplica_tBe/ ‘ ) Variance
K(10 cm/s) K(10 "em/s) pifference (D1£)“/2 (I+11)/2 |
- | F1 F-1-X 0.05 "1.25x1073
; _ 0.61 0.56 3
BL . 3.125x10™
™~ gy | F3 . F=9-X | 0.10 5.0x1073 '
1.34 1.2 .
B - . -
p o F1 ' F-1-X 0.03 0.45x10~3 |
: 0.71 0.68 : 3 .
Pb A - 13.45x10
N S F-9-x 0.23 26.45x10™>
| | 2.22 1.99
L]
i
) s B
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TABLE IV-4-b.
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El

Analysis of VarJiance Baged on Estimated Error Variance,
F-Test for 1, ¢ Degrees of Freedom

o K
- s

[ -

Significance Significant
% Level F-value Error Variance’ Level Effects
10.0 8.5 x 3.125x107> = . 26.66x10">  B,A,BC-AD
i 5.0 18.50 x 3.125x10°° =  57.81x107> B,A,BC-AD
Bi - -
2.5 38.50 x '3,125x1070 = 120.31x107 B,A
1.0 98.50 x 3.125x10° = 307.81x107° B,A
a \\ 3
10.0 8.53 °x 13.45x10" = 0.115 B,A,BC-AD
n 5.0 18.50 x 13.45x1070 .=  0.240 . . B,A
Pb 5 :
2.5 38.50 x 13.45x10 = 0.518 BjA
1.0 98.;& x  13.45x107° = Tms. . P B
¥ . ¢ ,“l KJ - !‘
: o ,
]
a ' o S .
o, ! . ! ‘a
- ‘\..; '.‘i.‘ e
4 ! : ) ' ".‘ ‘ .
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© .. TABLE IV-5, Analysif of Interactions BC and AD

\ =
L B . 6.70 wt é 10.20 w ! A <2 cm A )567 em !
" cl” & | ) D (=) Gy
1150°c | 0.611 0.86p [ 0.389 0.521 , 100uHg®| 1.794 1.461 | 0.652 0.995
(= ' . S (-) / \
)] 1738 1.061 @7 1 2m 1989
- 1.337 - . | 1.79% . 1.108 o 0.611
1250°C | 1108 1.223 | 0.951 1,393 ..300uMg | 0.389 0.749 | 0.911 0.801
@ 1ams 0] 2.785 O 1 1497 " 1.602
\ X o \1
Lead ) \ ’ 3
Lea \ : P !
-1 . -1 ! X
B 6.70w % | 10.20 m % <2 >67 em
¢l O [ A N @
1.795 1.1% 'l 1.795 e | 2,215
'1150°C | 0407 . 1.251 |'0.590 '0.853 . 100pHg|| 2.521, 2,158 | 1.116 1)¢66
&> | 2.s02" - . | 1.706 1] 4.6 3331 . -
A . = ~
- {2215 v 42521 . _ | 432 | 0.707
C1250°c | 1.432 “1.824 | 1.656 2.089  3oouEg | 0.500 1.015 | 1.656 1.182
. A . Y $ v R -
@ | 5647 4177 @ f'2.02 ¢ 2.363

" —
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( ' . V-1." ANALYSIS OF CONDENSATE

4

\ Water cooled condenger ‘was used in four experiments and this was held

A4

within a distancebof 1.5-2 cm above the melt surface. After the experiments,

condensate accumulated on the éqndenser was removed, weighed and grm;nd.

D id R RN S v 3

Metallic droplets were geparated from -100 mesh size powder by scteening,

[

wveighed again, and chemically analyzed separately. ﬁsing the chemical
\ 1
aﬁalysis, the amount of bismuth and lead in the condensate were calculated.

PN

Then from the initial and final contents of bismuth apnd lead in the ‘copper,

PO R,

the total amount of element evaporated was determined. Finally, the rat:io\
~ N }3 .
\
: of‘ago_unt of element accumulated on the condenser to the amount of element
. evaporated was calculated. The detalls of calculations are given in Tables -

’

V-1 and V-2. S B ” \

(v - | o . V-2. COPPER LOSSES- -

b st st vVt b

The amount of copper ch;irge used was weighed before and after each
‘ ’ b
experiment and recorded. Then the ratio of the weight difference to initidl
- copper weight was determined and tabuiated as approximate copper loss weight.Z

4in Table V—3. The 'reason it was called approx:lmate w'as because it contained

o it

the splashes and the amount of impurities evaporated L .




Y

TABLE’V-~1. Analyses of Comdensate Accumulated on Condenser
t

[

-

Y

N’

-

1. Time = 240 min.

RN

¥

Amount of - ° - Total weight
Condensate 100 Mesh Powder Metallic Droplets - gram
Accumulated =100 Mesh wtX weight, gram Metallic wtZ weight, gram
Test sPress. Temp. Oon Condenser Powder : Bi Pb Droplets Bi Pb Bi Pb
No. uHg *c gram gram Bi Pb /I /II gram Bi Pb /nI /IV I+IIT IT41IV
’ 3
F-2 100 1150 53 ¢ 34 14,5 70.8 4,93 24.07 19 16.7  72.2  3.17 ‘13.72  8.10  37.79
P-4 300 1250 73 27 13.7 68.6 3.70 18.52 46 3.7 12.7 1.70 5.8 5.40 24.36
P-6 300 1150 34 7 10.7 42.9 0.75 3.00 27 4.5 13.1 1,22 3.54 1.97 6.54
F~101' 100 1250 128 _150 10.5 42.0 5.25 21.00 78 0.2 0.9 0.16 0.70 S.ﬁl ‘21,70
1. Time = 240 min.
: i . .
- TABLE V-2. Distribution Ratio to Condenser ’
- -~
B ‘ Bismuth T “Lead Distribution Ratio
Eliminated Eliminated to Condenser, wt2
© Tebt Initial, Final,  weight, gram Initial, Final, weight, gram B1 b
‘ No. wt wtX v wt wtZ VI (T4III)/V (II+1IV)/VL
R F-2 6.090 0.046 14.96 0.333 0.130 69.02 54 55 4 -
F-4 . 0.060 0.033 9.18 0.215 A 0.p98 39.78 59 61 -
“P~6 0.032 0.025 2.38 0.080 0.054 8.84 83 74
<o 10 oloss 0.005 13.26 0.126 0.003 41.82 41 52

"09¢

et e

PO
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TABLE V-3.' Copper Losses

D:ifference in -

A

Weight of Copper,

Initial and Final

Ratio of
Difference to
Initial Copper

Test No. gram Weight, Z
P-1 150 0 44 , |
Q - ) " 220 0.65
53 210 0.62
F-4 ' 230 " 0.68
F-5 190 0.56
F~6 130 0.38 )
) F-8 260 0.76 =
° \ P91 € 400 1.17 )
C T 420 1.23°
) A-1 . 220 0.65 :
A-2 7 300 0.88
A3 . 320 0.94 ;
\ \ A~4 310 ,°'91
A-5 340 " 1.00 .
A~6 . 320 0.94
‘ a7t 400 1.17
 A-8 300 0.88
A9 280 0.82
\

1.- Time = 240 minutes
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LIS;I:GB?‘ THE COMPUTER PROGRRM "HASS TRANSFER COEFF ICIENTS®

\ .
QOO0

: DIMENSION Xl (20) , Y1 (20)

AEAL  M,KL,KE, PVHP PVAPL, HINP, omm HCU KU, KGAS. K, RGAS, AAD, RCU
i ; CALL PLOTON
! 0o 10 I=t,20

RE?D THE ORTA OF CHANGE ﬂr NEIGHT PEBCEH—UF—MWM 8y TIME

‘READ (5, %) X1(I),Y1(D)
IF(YL (D) .EQ. 0O, 0)00 T6 1§ . .
10  CONTINUE g

pLOT LOG OF CHANGE OF WEIGNT PERCENT @F IMPURITY BY TINE

~ 15 [«I~1
L. . Xt ([+1)=0.0 | : . J
X1 ([+2) 80,0
YL(I+1)==8,5
: Y1 (I+2)=0.5 ,‘
CALL PLOT (L, o.z 0,-%
X=1,0
v Y=0.0
, D8 20 N=l,5
\ CALL PLOT{X,0.0,2)
4 . CALL PLOTIX,0.1,2)
~ CALL PLOT(X,0.0,%) \
X=¥X*1,0 -
20  CONTINUE
' CALL PLOT(5.0,0.0,3)

(} : Y'lo
w %=5,0
DO 25 Nel,? v
. CALL PLOT (X-0.1,Y,2)
CALL PLOT(X,Y, 3) -
. Y=Y+1.0 -
25 CONT INUE
CALL PLOT(5,0,7.0,9)
| 1 $=i,.0 .
Y’? . 0 M Ty
“*"ﬂﬂheo N=1,5
ChLL PLOT (X,Y,2) -
4 . - CALL PLOT(X,Y-0.1,2)
CALL PLOT(X,Y,3) .
x-x- {. 0 . !
30 CONT INUE ' -
CALL PLOT (0,0, 7.0,%)
X=0./0 \
Y=8.0 - -
. 00 36 Nwi,? v
{ CALL PLOTIX,Y,2)
CALL PLOT(X,Y,.9)
Y‘Y"‘n ] ' ° ‘
35 CONT INVE ’ N %,:{"r ‘
X=0.0
Y“.o. a ! .
F-ﬂ . 0 A
DO o N={,§ ;
IF] {F.E0. 30, 0) X=X~0,15

4
aooo

aNa

> e e
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IF (F . £Q, 120, 0) X=X~-0.075
N CALL NUMBER(X,Y,0.15,F,0.0,~1)
' XuX*ti.0 ’
F=F+30,0
o CONT INUE -
x"’ooss
Y==0,075

F--S.S - -
00 4S5 Nei,8
IF (F.£Q.0.0) X==0,5
CALL NUMBER (X.Y,0.15,F,0.0,1)
Y=Y*+1,0
Fef+0,5
us CONT INUE
CALL SYHBOL (1.0.- l 0.0.20, llll‘lTlHE (MINUTES) , 0. 0 14)
CALL SYMBOL (-1.0,1.5,0.20,18HLOG (NT.X I3HUTH) 80.0,18)

00 THE LINEAR REGRESSION

¥Y=0,0
X=0,0
Y=0.0 ' °
XX=0.0
¥Y¥=0.0
00 50 Net,f
LY=XY+X1 IN) =Yl (N)
L=X+X1 (N)
" YaYeY L (N
XX=XX+X1 (N} IXI (N)
TY=YY+Y1 (N} nY1 (M)
50 CONTINUE

OEFINE THE SLOPE OF THE LINE= B

ColnXY=XnY
Do IuXX~XuK
8C/D

OEFINE THE INTERCEPT OF THE LINE= A
Am (Y-BuX) /1
CALCULATE| THE CORRELATION COEFF= R

ClalnXY=-YuY
Fle (IaeXX~XneX) ux (0, 5) o
F2e (1aYY=YneY) un (0. 5) |
A=C1/ (Flnr2) .
- XX1=0 .
| . YYie (3,65°R) /0.5 |
XX2=4.0 -
YY2= (3.5 (R*Bx120.0))7 (0.5} ‘
NRITE (8,800 XY, X, Y, XX, YY | x
80 FORMAT (5F15.4) ; , \
HHITC (0.00) Cono Bo ﬂo c1 AN
NRITE(8.80)A,FL, F2,YYL,YY2
CALL OASH (XX1,YYL,X%X2,Y72,0.0) .

c ' .
C, .ADJUSTNENT_FOR DEFINING THE OVERALL NASS TAANSFEM COEFF.= K
Ne-1.8U08 '
KeB/NW
¢ i

-

OO0

QOO0

03 OO0

PN
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'

CALCULATE THE MASS TRANSFER COEFF, IN LIQUID PHASE~ KL

~ RRO=9, 85
KL=0.018x ( {1 /ARD) nx0,5)
HCU'OS.S'& .
TEMP=1523,

A o M WA 13 T AP 30 € W R T S T Bt

,
S Ay S AA a3 oy %

900 - 3OO GO0 ONG

—~
-~
OoN0

100

A

M’
L

CALCULATE-THE-DENSITY-OF COPPER=—RCY — — — — -
ACU=7.938-0,7882x0, 001x (TEMP~1358,) f
CALCULATE THE ACTIVITY CO!LFF « OF INPURITY~ GRMA

Tt= (1800, /TENP) ~0. 885
" GAMA=10,0xxT1

CALCULATE THE VAPOUR PAESSURE OF INPURITY= ‘PVHP

PVAP 1= (-10400, /TEMP) -1,26ALOGLO (TEMP) +12, 35
PYAP=10.0nxPVAPrL . |
EX=t.0 ‘
MINP=209,0

CALCULATE THE MASS TRANSFER COEFF. OF EVAPORATION= KE

Fi= (GAMAKACU) /RCU -
FisfLnnEX - .o
F2= (MINPXTEMP) un0, 5

F3=0.05834PVAP/F2 .

KE=F3uF1

CIPLCULBTE THE MASS TM*HSFEH—C&EFF. IN THE GAS- PHASE FRON K.FL. KE

2=KnKLRKE ‘
21= (KLxKE) X (KE+KL) -
Us2/21

RCARS=82362.53

22=ACU/ (GAKAXNKCL)

23=22nxEX . -
© W=KUnTENPRRGASHLS

KGAS=ZU/PVAP |

HRITE (8, 100) B, M, X, KL, KE, KU, KGRS, MD.TEHP ACU,PYAP, GANA, R

FOMM(‘&'./// lDX. ‘Ba? .ns 7.7,10%, A= F18,7,/,10X, ‘K=", F13.7,
1'CH/8EC*,/,10%, ‘KL=",F13,7, ‘CMH/SEC",/, 10X, ‘KE-'.FIS 7, 'CH/SEC". /.
110X, 'KUs="*,F13,. 7, 'CN/SEC*,/, 10X, "KCAS=",F13.7. 'CH/SEC'./.!OX‘.
1'AAD=", F18.7, *CH',/, 10X, ‘TENP=",F13.7, 'X',/, 10X, *ARCU=*,F13.7,
1 ‘GB/CC'./.!.OX.‘PVRP- F13,7, 'm o/, 10X, 'GAMR=",F13,7, '
17,10¥%, *A=",F18.7)

CALL ENDPLT . .
- STOP ’ . |

END ~

-
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APPENDIX VII

(5 “
THERMODYNAMIC CALCULATIONS WITH

"F.A.C.T. SYSTEM
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VII-1. ESTIMATION OF EQUILIBRIUM TEMPERATURES
AT WHICH METAL OXIDES FbRM

4
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CALCULATIONS ARE BASED ON THE INDICATED NUMRER OF ORAM MOLES

FORRERRRKKRRR KKK HRRRK KRR KA K KKE KRR KK KRR TR KR KR AR KK SO K Rk Rk kb kkkokok ok sk ok
. (T) ' DELTA H DELTA G DELTA U ~ DELTA S DCLTA U DELTA A
(K> (CALY) (CAL)> L (CAL/KY (Chal.? ‘ (CaL)
********X*********************#******ﬁ***#*##***#**##**&%#%**%**$#*************

? \ ‘
X I T 0
1139.1 -32294,7 _ 0.0 -0.710E405 28,351 34152.8 1131.2
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CALCULATIONS ARE EASED ON THC INDICATED NUMBER OF GRAM MOLES -

FERRRRARR KRR kKR kR ok kkkok koK kok sk &kokok ookl ik ook sollolok solokokololoR okl oioloioR Kk oRK kKRR E
Ty (F) DELTA H

DCLTA G DELTA V DELTA S DELTA U
(K) CATM) (CAL) (CALD (L) (CAL/K) (CAL)>
SRR HKOKAOIOK KKK KRR AORK R KRR AN KR kKRR R RO Rk sk foolok sk ekokojokkoksk kokokok

7 ' . - A ‘ .

1423 3 X 0 . )

1423.0 0,305E-04  -248744.1 — 0.0 -0,134E408 188.857.  -258846.1
l? nd <

1523 X X )

1523.0 0.180E-03 -267294.,3 ~0,1 ~0,243C+07 -17%.50%5 254700.7
?

1623 S X 0 ‘ .

1423.0 0,850E-03 - 285866.1 ~0.1 ~0.548E+04 163,812 -254576.9
b o - -
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fq ,\\ \
FORMULAS! CU - .
NAME! COFFER  ° .
FORMULA WEIGHT: 63.%546 .
® )
sac | PHASE  NAME RANGE (K) —
)
.‘:f %
é;;_ - 81 soLIn ~ 0 298,00 ~ 1357.0 I TRANS (1356.40 K) = 3170 (KCAL)
Ty Li LIQUID 1357.0 - 2848.0 D H TRANS (2848.00 k) - 2,743 (RCAL)
55 G1 GAS 2848.0 - 3400.0 ¢
.g'a : .
£ .
}g% CF = A 4 1,00-3XBXT(N) -+ 1,005KCHT (NI k% 2 4 1,00 SXINYT(R) %D
fgi: B AOE R AR RROK AR $R KKK FOR AR R KRR RO BRSO RROK SRk 3 PSR KRk ek Rk
s PHASE I H298 snog DENSITY A I C I
i (KCAL) (CAL/K)  (G/CM¥%3) S (CAL/RNY - - --
Al | HORRKONCRK AR KRR AOR KK AR KA OR IO SR AR Ao ek B o ok s Kok ok ko
St 51 0.0 7.913 8.920 5.910 L0 0.332 0.0
& L1 2,004 8.646 3.920 7500 Cio 0.0 0.0
H e G1 79.200 37.954 IDEAL 5.810 0.0 0.0 0.0
[} .
-3 / .
' REFERENCE: "THERMOCHCHMICAL PROPCERTILS OF INORGANIC SURSTANCLS®
cEg, "I, BARINs 0. KMNACKEy AND 0, KUBASCIHEWSKT » :
.03 SPRINGER -VERLAG: BERLTNy 1977,

T} AR A

PRESS "RETURN® WHCN READY FOR DISILAY
7
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FORMULASY DI
MAME ! BISMUTH

FORMULA WEIGHT: 208.981

. _

FHASL N(—\ME?E RANGE (K) 9 R )
s1 SOLID 298.0 ~ 544.0 IrH TRANS ( 544.00 K) ~ 2,700 (hCAL)
L1 LIQUIL 544,0 - 1200.0 : ‘ ‘
L LIQUID 1200.0 - 1837.0 )
G1 GAS 298.0 - 1200.0 ‘
G1 GAS 1200.,0:~ 1500.0 -

) Gi GAS 1500.0 - 1837.,0 :

61 GAsS 1837.0 - 2000.0

CP = A + 1, 0E-3XBRT(K) + 1,0C54CRT(KYKkX 2 | 1.0E SXDKT(K)R%D E

*%**********************%ﬁ***f****#$*******************$*************Y#*******$

PHASE It H298 50298 DENSITY G B c I
(KCAL) (CAL/K)Y (G/CMXX3) .o e - “(CALAKY ~-om - -
oo e EcR ok oo Rk Rk ROk Rl okokok ek ook golok ologet ook ol ol ook olootok ol kokokok ok
g1 0.0 13,540 ?.800 2,032 7,000 0,981 0.0
- Ll‘ 2.216 17.208 ?.800 4.545 2:479 4.957 0.951
L1 2,838 18.4675 2.800 $+500 0.0 0.0 0.0
G1 S50, 400 44.570 InCAL 4,968 . Q.0 .0 0.0
Gl S50. 106 “44. 481 neaL 4,952 0.013 0.0 0.0
G1 S0.1%37 A44.734 InEAL 4.884 0.057 0.0 0.0
, . Gi S50.508 44,842 IDEAL 4,774 0117 G.0 0.0
N FEFERENCE? 'THER‘?‘iUCi‘IEHICr’IL PROFERTIES O INORGANIC SURSTAMCES®,
I. BARIMNy O, KMACKE:s AND O, RKUEBASCHEWSKI
SFRINGER VERLAGYy BERLINy 19/7. /
.  a . -
* “‘ '\‘ )
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FORMULA' PR
NAME ! LEﬂD ,
ORMULA WEIGHT: 207.200
b
FHASE  NAME RANGE (K) )
s1 SOLIN 298.0 ~ © 400.0 D H TRANS
L1 LIQUID 600.,0 ~ 1200.0
L1 LIQUID 1200,0 ~ 1400.0
L1 LIQUID 1400.0 -~ 1700.0 .
L1. LIQUID 1700.0 - 2025.0 I H TRANS
61 GAS 2026.0 - 3000.0
b
CP = A 4 1.0E-3XKBXT(K) + 1.O0ES¥CHT (K %k

¢ 4$00.58 k)

-

(2025.00 N)

20

T
el | KRR RO IR KRR AR Ak KRR 30 ROk A ok £ Sk
4 N PHASE I H298 5298 DENMSITY A B
43 (KCAL) (CAL/KY  (G/CMT T3 . (caL
%@E‘ AHAK AR A KKK KA Sk b $ okl Ao R SOk ok ok Yok kb ok
= e1 0.0 15,484 11.344 5.799 2,082 -
- L1 0.927 16.853 11.341 7765 0.738
F pilag L1 1.151 17.275. 11,344 7.110 0.19
Eg L1 1.420 17.747 11,344 PRI 0. 248
A ) L1 1.418 18.0582 11.344 $.143 0,'453
.;g G1 46,315 40.824 IDEAL 4.8 0.84%
REFERENCE § 'FHEPHOCHEMICAL PROPERTIE) OF INORGANIC SURS
I. BARIN»> O. KNACKEs ANU 0. KRUEAGCHEWSKI,
| SI'RINGER-VERLAGs RCRLIN, 1977,

PRLSS *RETURN® WHUCN RCADNY FOR DISFLAY

K

1.0C &

\
AN
)
= 1.141 (KCAL)
- 4g.530 (hNCAL>
RIEKT (N Y RkD
Sondoksokkseklksok v ok ek -
C It i
!'\) - - e -
f******ﬁ***#*****#x#
§.0 0.0
7.0 0.0 -
0.0 0.0 N S
0.0 __ 0.0 .
0.0 0.0 ©
2.945 0.5644

TANCES® »
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FORMULAS NS ) L~
NAME: ARSENIC' - , SN
FORMULA WEIGHT: 74,922 o ‘ .
FHACE NAHE RANGE (K) : . .
. —_ ) o .
g1 SULID . T 298.0 - 800.0
61 GAS 298,0 - 1200,0 ., * i
* B - :0 // . .

CF ~ A + 1,0E-3XB¥T(K) } 1.0E5*C*I(K)**~2 f 1.0E SEDKT(R)Y %2

*********ﬁ*****************i****#*************************#*****$**********

%ﬁ?f

PHASE O H298 8298 DEMSITY A - b C n ®-
(KCAL)-  (CALZK) (G/CM¥%3) : (CuL’h) - - .
***k*********?******k******%#****** ?**"Y#****A¥******¥*' kR Rk kbkok
Si : O 0 80.13‘1 5'/27 \.J.\.Jo’; 10u1 0.0 000 .
Gi 72,120 41,611 IDEAL . 9,8 0.0 0.0 0.0 |

REFERENCE?! *THERMOCHEMICAL FROFLCRTIES OF INdﬁGANIC SURSTANCLS " » . i
I, BARINs O. KNACKE, AND O. KURASCHEWOKL . ‘ _
SPRINGER VERLAGy EBERLINy 1977, ’

PRESS *"RETURN® WHLN RECADY FOR DISFLAY. . \ <;\/
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‘68¢



/\: N
FORMULAS SB . . ’
& . '
NAME?S ANTIMONY - . X .
_ ) - - AN
FORMULA WEIGHT: 121.750 .o
B N 3 RN - ~
FIINGE  NAME RANGE (K) -
BN ' . . - ! . N
&, 51 SoLID 298,0 ~ 904,0 I H TRANS ( 904.00 KX~  4.750 (KCAL)
= Li LIQuIn 04,0 ~ 1850.0 -
ey 61 GAS 298,0 -~ 800.0 _ ) -
S, 61 GAS 800.,0 -

2000.0

L3

INEHE

Y

viomth

eRsily {Bomipul

CF = A + 1.0E-3KEBKT(K) 1 1.OESKCERT(RKIXX-2 | 1,00 SHDNT(K)*%D

KRR R AOR K KRR OK A AOR KRR KRR RIOK K AOK KK ok ok sk ok sk e ol Aotk et it ot solstoR ok ok R koK IO KKK

- FHASE I H298 5298 DENSITY P A I c- n
3 (KCAL ) (CAL/R) (G/CM%%3) N T & 04 Y A N - -
A FRRRAAK R RHRRKR KKK AR AR R KO IR R AR KOOk ok ks ob kR ko kkk
51 0.0 10.880 4. 5684 7.283 J+G77 C.478 - 4,207
‘:.,, L1 4,190 14.988 &4 4684 7.+:900 C.0 0.0 0.0
g o G1 &3.,230 - 43.0503 1DEAL 4,248 0.0 . Q.G , 0.0 '
28 61 62,973 42,407 IDCAL  4.261 0,450 2,313 0.0
- R : ‘ ‘ , ¥

REFERENCE: *THERMOCHEMICAL FROFERTILS O INORGANIC SUGSTANCES®, — °
I. BARINy 0. KNACKEs AND 0. KUBASCHIEWSKI, . )
SFRINGER-VERLAG> BERLIN, 19277,

A

| . D

i

F

‘McB

¥

FREGS *RETURN® WHEN READY FOR DISFLAY
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C °
FORMULA: 02 <Z KR \
NAME: OXYGEN -
FORMULA WEIGHT: 31,959 . '
p | —~ ‘ | ] .
FIIASE  NAME ’ RANGE. (K)' - : : v _
&y G1 GAs g 298.0 - 3OOQ;0 i ) - \ -

* 9

CP = A + 1.0E~3*§§T(k) P LOESROCRTORIRR-2 1 1,00 SRDKTON) X%2

- : < _ -
Bl | ior oo AR KRR KRR AR AR AR K A A Kk R KRR .
FEl | Prese D H298 5298  DENSITY A K C 0

%Ei (KCAL)  (CAL/K)  (G/CHXX3) ces e (CALZKY - e T e

M | KRR KR KRR KRR KKK KR KRR KRR KRR L KRR X

e:f G1 0.0 492,005 IDEAL 7+1460 1.0Q0 ~Q 400 0.0
7A3§§ _ ) ) - —

[ -2} : - S

$7) | REFERENCE: *THERMOCHEMICAL PROFERTICS OF [NORGANIC SUESTANGLSS:

- . I. BARIN»— 0. KRNACKE, AND O. KUBASCIICWSKI» . -
2 SPRINGER-VERLAGs LERLINs 1977, . n - -

.

e

=

E ) . s

.ﬁ .

© |DD YOU WISH TO FIND (1) {"ARTICULAR COMFOUNI(S)» OR (2) GROUP OF COMFOUNDS?
7
ol ‘ o
! / \
. r / K

B .
2 RO IUS AU VR - - - - - RN U VPG ORI RS VISIIOL Gap e
L P , . B
f

e

2 e e s o
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FORMUL AT CU20

NAME ¢ COFFERC(T) ﬁ§§;5

4%.

FORMULA WEIGHT! 143,091

FHASE . NAME . - RANGE (N)

s1 CUPRITE  298.0 - 1509.0 I H TRANS (1509{00 h) - 13.580 NW{CAL)

Ll LIQUID 1509.0 ~ 2000,0 . S

B CF = A + 1.0E-3XBXT(R) 4 L.OESKCATC(RKIRK~2 b 1,00 -SXDXT (KD kk2
EEHRHRRRIR R AR R KKK AR KRREKIRKE KKK AR K AR KKK KK AR IR AR KA K 2K K AR KRR KK KKK KK
PHASE D A29S 5298 IENSITY A . E c n -

(hCﬁL) (CAL/K)  (G/CM¥%3) e e (CALARS - - e

*****#********#*************************#*%*****&*Y**#***Y*? PRRRKRERKKKERKI KSR 7

si ~40,700 22,210 4.000 13.520 7.500 0.0 Q0

L1 -32,151 22,491 4,000 24,000 0.0 0.0 . 04O .
REFERENCE?: *THERMOCHEMICAL PROPERTIES OF. TNORGANIC "UBST{-\NCES'V

" I. BARINs O, KNACKEy ANI' O. LURASCHEWSKIy -
. SPRINGER- VERLAG, ECRLINy 1977, ]
- - [

PREGS *RETURN" wutu READY FOR DISFLAY. ‘ . -
T

5

414
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FORMULAS BIPO3 _

NAME: EBISMUTII TRIOXIDD -
- A3
FORMULA WEIGHT?: 465,999

<

PHASE  NAME RANGE (K)
s1 ' .SOLID-A 298.0 - 978,0, I H TRANS ( 978.00 K)
s2 50LID- 978.0 - 1097.0

L1 . L_IQUI 700 e 180000 .

-

\
*

CP = A +-1.

****************#**********************{3** Kok kkokkokkK

PHASE D H298 5298 DENSITY

I H TRANS (1097.00 K)

B R S T VR

13600 (KCAL)
14.300 (KCAL)-

o

r Y
-

E~3XBXT(K) + 1.0ESXCRT(K)X*¥-2 + 1.0E-&6XDkT(K) k%2
v [ 4

RRARA KK KKK KAAK KK KKK KA KKK
K c D

_ (KCAL) ~ (BAL/K) (G/CMF%3) e e s (CALSRY e e e
KRHRRERERAARKK KA IR KRR KK KR AR KRS RK A RR KR IRRKRARK KK KKK KKK KKKk K K KKK
s1 -136,400 36.200 L2000, 24,740 8.000 0.0 0.0
s2 ~126.305 43,357 8,550 35,000 0.0 0.0 0.0
L1 ~113.203 54.439 8.550 36,500 0.0 0.0 0.0

' h Y

REFERENCE! "THERMODCHEMICAL FROFERTIES OF INORGANIC SUﬁSTANCES'y
- RUBASCHEWSKT ¢

I. BARIN» O, KNACKE» AND O.
SPRINGER- VERLAGy BERLIN, 1977,

)

e

FRESS *RETURN" WHECN READY FdR DISFLAY
P v

‘€62

o0



//—/
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k) B o T T ey oy U U

' -, ’ -~ \ ' // ? /\w
) : - e o
- ; ,
.| ForMuLA: FBXO
{
NAME ¢ LEAD MONOXIDE ) S
FORMULA WEIGHT: 223,199 ‘ ' ) '
PHASE  NAME RANGE. (K)
s1 LITHARGE 298.0 - 762.0 I H TRANS ( 782.00 Kh) = _ 0.394 (KCAL) - :
82 MASSICOT .  762.0 - 1158,0 I' H TRANS (1158.00 K) = ~ 6.570 (KCAL) ,
- L1 LIQuIn .-1158,0 - 1400,0 | L
i - :
. \ §
CF = A + 1.0E~3KEXT(K) + 1,0ETKCAT(K)¥¥K-2 4 1,0E- GKIKT (R)K¥D ‘
- s I
HAKKK KKK AR R KKARK IR HKKRARRRI ORI KKK IR KK KKK KKK KKK KK KKK E KK IR KA KRR AR KKK KK . : 4
PHASE D H298 - 8298  DENSITY A E C D ~ 3
' (KCAL)  (CAL/N) ' (G/CHM%X3) {7 W] ¢ I e — \ 3
] RICKKRIORAOR KKK IR KK A KKIKI KKK Ik K KKK KK KKK AR KK KK KKK AR KKK KR IR KKK AR KK KKK A KK i
$1 ~52,410 15.400 9.530 ?.908 3,664 0.0 0.0 i
52 ~-52,458 15,230 8.000 10,712 3.946 0.0 0,0 |
N ~47.,439 17.954 . 8.000 15.308 0.0 0.0 0.0 i
G1 11,480 57:3464 IDEAL 8.731 0.186 0.935 0.0 3
Ay . Q .
REFERENCE! *THERMOCHEMICAL PROPERTIES OF [NORGANIC SUESTANCES®, )
: I. BARINs O, KNACKE» AND 0. RUBASCICWSKLy =
SPRINGER-VERLAGy RERLIN, 1977, : ‘
B . ‘ ) .
¥ - - _
-5 - 2 — - R
> 0 -
N
PRESS *RETURN* WHEN READY FOR DISFLAY © ’
* . .
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RERMULA: AS203
NAME ! ARSENIC TRIOXIDE

FORMULA WELGHT: 197.841 ’ . - - ’

— -~

FHASE  NANE T RANBE (K>
: 2%
Si . CLAUDETITE  298,0 - 582.0 I H TRANS ( 582,00 K) =  4.400 (KCAL)

L1 LIauin’ 582.0 -~ 734.0 ;
S2 ARSENOLITE =~ 298.0 ~ 548.0 :

CP = A + 1.0E-3%XBXT(K) + 1.0ESRCRTAKI®RE 2 1 1.0FE SRDET(KIRkK2

Rk kR kR Rk R Rk ROR ORI OR R KRR F K K KKK K KKK AOR KA AR AR AR KRR AR R R AR o A

KR RRERKKIRRAKKK
PHASE n H298 5298 DENSITY A e - c | (I
: (KCAL)  (CAL/KR) (G/CM*¥3) © e eee 2 (CALSNY e T
Lo 20220 tiseess R b Lo LI IIETEITLILLITSEIVINETITTITIFINCTLT L P LT
Si -154.160 39,330 - 4.150 14.300 42,000 0.0 0.0
L1 -152.815 33.963 4,150 364500 0.0 0.0 0.0
82 ~157.000 25,980 3.865 184370 . 48,500 0.0 0.0
J ',
g - -
REFERENCE: *THERMOCHEMICAL FROPERTIES OF INORGANIC SUBSTANCLS®
I. BARIN» 0. KNACKE> AND 0. KUGASCHEWSKI, ¢
SFRINGER-VERLAGs ELCRLIN, 1977, 3
' . ’ - H Y
* 4 , . ' . .
PRESS *RETURN® WHEN READY FOR DISFLAY . ) o
'P ’ 3 ~ L4 '
° 5 } (v —_

N
O
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FORMULAT SDR20J » . .
NAME: ANTIMONY OXIDE

FORMULA WELIGHT: 291.493 .

RANGE (K)

FHASL NAME )
S1 SENARMO.TE - 298.0 - 845.0 I H TRANS ( 8435.00 KN»
82 VALEN.ITE 845.0 ~ 929.0 I H TRANS ( 929.00 L)
L1 ‘LIAQUID ?29.0 ~ 1729.0

1.600 (KCAL)
13.150 (RCAL)

ok

B

CPr = A+ 1,0L-3%BET(N) | 1.0CS4CRT (NI kA—2 4 1,00 -&¥LKT (K) kK2

HACKORAOR Y KRORAK AR AORAOKK KA K AOR KKK KKK IR S0 KK A KR ARR KK KKK KKK IR KK KRR KA KKK KKK KK &

FHASE n H293 5298 DENSITY A B c - n
(RCAL) (CAL/K)  (G/CMEX%3) wommemme e e e (CALAR Y s e o .
AR R AR KA KKK KK KKK AR KK KK KK A KK KK KA AR R KK R AR KKK KK A8 AR 0K kOO R Kok KRR KK 3K
S1 -171.000 31.700 9.200 22.000 15,800 0.0 0.0
82 ~1694400 33.593 S+670 22.000 15.800 0.0 0.0
L1 ~-159.912 40.100 S9.4670 37.500 0.0 0.0 0.0

REFERENCE: *THERMOCHEMICAL PROFERTIES OF INORGANIC SURSTANCES®

E. BARIN» 0. KNACKEs AN 0: RNUBRASCHEWSK Y »
SFRINGER-VERLAGy RERLIN, 1977,

-~

P

- ~o

)

-

DO YOU WISH TO FI@p (1) PARTICULAR COMPOUNUCS )y OR (7)) OROUM OF COMPOUNDG?

B e e p e e e W
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