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"~ Abstract

An industrially feasible method for copper and tin removal from
molten pig.iron/stee1 has not been established. 'Mény studies have
been carried out mainly on de-Cu/de-Sn from molten pig iron using
sodium sulphide or sodium sulphate slag under the condition of lower
temperature, say 1523K.

It is important to establish a method for decopperisation and
detinning (de-Cu/de-Sn) not only at lower temperature for pig iron but
also at higher temperature for steel. In this work, de-Cu/de-Sn from
these two types of molten metal were studied.

The reactions involved in these systems are related to three
phases, i.e. metal phase= Fe, C, S, 0, Cu, Sn etc. slag phase=

NaSo.s, CuSe.s, SnS, CaS, FeS etc. gas phase= (Na)gas’ (SnS)gas ote.

Mathematical model, which is based on thermodynamic and kinetic
data was developed in this work. This model can include any elements
and compounds whose thermodynamic and kinetic data are available.

This model was used for evaluating the de-Cu/de-Sn characteristics of

various kinds of slags. NaS,.s - FeS, CaF,-FeS, CaS-FeS and CaF,-

CaS-FeS mixtures were chosen for experimental work.

These slags were added on the surface of molten pig iron at 1523K or
1873K and of steel at 1873K.

The physical mixing of slag and metal was investigated using a
water model and a molten lead model with a mechanical stirrer.

The following conclusions were obtained:

(1) Mathematical model can describe the experimental results in the
sense of both thermodynamics and kinetics.

(2) Optimum operating conditions for a mechanical stirrer have been
established. e.g. optimum position of a stirrer and critical
revolution rate for entrainment of slag.

(3) NaSg.s-FeS mixture is good reagent for de-Cu from molten pig iron.
For de-Sn, transport of a product, (SnS)gas, is important. Argon
bubbling helps this transport.

(4) It is more difficult to remove Cu from steel than from pig iron.
Carbon in the metal phase p1ays'an important role. CaS-CaF,-FeS
mixture may work. ‘Further work is worth doing with this slag.
Higher temperature for steel is favourable condition for de-Sn,

because of higher (SnS) 3

gas vapour pressure.



ABBREVIATIONS AND SYMBOLS

‘In order to save space and to clarify the text the following
abbreviations have been used:

1. "de-P/de-S" denotes “dephosphorisation and desulphurisation”.
2. "de-Cu/de-Sn" denotes "decopperisation and detinning".

3. "de-Si" denotes "desiliconisation".



a activity

a(i,j,k) array for activity of the species-i in the
phase-j at the site-k.

aq(m) constant

C molar concentration, [mo]/m3]

c(3) array for molar concentration of the phase-j,
[mol/m ]

CNa | total moles of sodium vaporised, [mol.]

d diameter of a mechanical stirrer, [m]

dp diameter of a particle, [m]

D : i) diameter of a vessel, [m]

ji) diffusion coefficient, [mz/s]

' 2
De eddy diffusivity, [m /58]
ega) first order j-i interaction coefficient in molten
| iron.
E(i,j,k) array for equilibrium constant for the species-i

at the phase-j/phase-k interface.

f activity coefficient (Henrian standard)
Fr Froude number defined by Fr = Nz-d/g
f(i; a0 aS NTm) interfacial activity of species-i at the slag/gas

interface.



2
g gravitational acceleration, [m/s ]

AG° standard Gibbs free energy change, [cal/mol.]
conversion factor to [J/mol] is 4.1840.
AG° x 4.1840 [J/mol.]

GCO phenomenological rate parameter for CO evolution,,
2
[mol./m .s]

H i) depth of liquid in the vessel, [m]
ii) depth of gas inlet, [m]

AH enthalpy change, [cal/mol]
AH x 4.1840 [J/mol]

h1, h2, h3 “vertical dimensions for a mechanical stirrer -
liquid system

h(i; a,s as) interfacial activity of the species-i at the metal/
slag interface

i index of species

J index of phases

J flux, [mol/s]

k i) index of .sites which face to the phase-k

ii) mass transfer coefficient, [m/s]

k(i,3) array for mass transfer coefficient of the species-i
in the phase-j, [m/s]

K equilibrium constant for reaction.

1 clearance between the wall of a vessel and a
) stirrer, [m]



M(i)

Mass ()

AMass (3)

Moow

N(i,3,k)

NT

i) distribution coefficient using weight
percentages

ii) characteristic length for mass transfer [m]

distribution coefficient using mole fractions

phenomenological constant in equation (2-1)

i) total moles, [mol ]
ii) molecular weight, [kg/mol ]

array for molecular weight of species-i,
Lkg/mol ]

array for total weight in the phase-j, [kg]

array for change of total weight in the phase-j
during a particular time interval [kg]

powder supplying rate in terms of weight
per unit time, [kg/s]

number of droplets entering the nozzle per unit
time, [1/s]

i) revolution rate of a mechanical stirrer, [r.p.m.],
which is equal to Nx0.10472 [rad/s]

ii) flux density,_[mo]/nﬁs]

array for flux density of the speciés—i from the
2
phase-j to phase-k, [mol/m .s]

total metal flux density, [mol/mz.s]



0e

Rys Ra

Re

AS

S(3,k)

i) partial pressure, [atm], which is equal
to px1.0133x10° [Pa]

ii) fraction of area renewed per unit time in
the surface renewal theory, [1/s]

total pressure of the gas phase, [atm], which is
equal to p; x 1.0133x10° [Pa]

Peclet number defined by Pe = L.VO/De
constants

argon gas flow rate at a particular temperature,
3
(m /s]

argon gas flow rate at room temperature in terms

of [N1/min] which is equal to &,x1.667x10° [Nn®/s] -
rate of powder supplying, [mol/s]
radial coordinate in the cylindrical system

gas law constant.

el
n

1.987 [cal/g-mol1.K]
- 3
8.205x16° [m . atm/g-mol . KJ
2 2
8.314x10° [kg.m /s .kg-mol . K]

radial positions in the cylindrical system
L
Reynolds number defined by Re=N.d /p
2
interfacial area, [m ]

entropy change, [cal/mol K] ASx4.1840 [J/mol K]

interfacial area between phase-j and phase-k,
2
[m ]



At

Vperipheral

POW

time, [s]
time interval, [s]

residence time of fluid element at the surface
in the penetration theory, [s]

reference time defined by t = Vm/km.S, [s]

ref
temperature, [K]

gas temperature, [K]

rising velocity of a gas bubble in the molten
metal, [m/s]

velocity, [m/s]
peripheral velicity of a stirrer, [m/s]
3
volume, [m ]
3
array of a volume of the phase-j, [m ]
characteristic velocity

gas flow rate, [Nmalmin]
3
-yG x 0.01667 [Nm /s]

weight, [kqg]

i) mole fraction
ii) x co-ordinate in the rectangular system

iii) = (weight of NaSo.s slag)/(weight of metal)

composition of powder supplied (mole fraction)

ratio of the total moles in the metal phase at
a particular time to the initial



i) z co-ordinate in the cylindrical system
ii) constant



Greek
o fraction of sodium vaporised
B ratio of the total moles of.the slag to
metal phase
Y activity coefficient of compounds in the
slag phase (Roultian standard)
y(i,j) activity coefficient of species-i in the phase-j
r circulation
& i) off-centre length of a stirrer in a cylindrical
vessel, [m]
ii) film thickness in the film theory [m]
8, j function defined by:
8: s _ .
i,j=|1 ,wheni=]
0 ,wheni %]
€ constant
€4 constant
{ multiplying factor for mass transfer coefficient
in Cr-slag cleaning
n fraction removed
8 fraction of FeS decomposed
Af latent heat of fusion, [cal/mol1]

Ac x 4.1840 [J/mol]

u viscosity, [kg/m s]



. 2
kinematic viscosity, [m/s ]

‘density, [kg/m ]

stoichiometric constant

array for stoichiometric constant of the
species-i (compound io)

® co-ordinate in the cylindrical system

distribution of tr in the surface renewal
theory

electrical potential difference between two
phases

ratio of the total weight of the slag to metal
phase




Subscript

1,2
Ar

cr

MO or MO
. y

MS or MS
. ag

characteristic value

two specified systems in dimensional analysis
argon gas

critical

element

oxide

sulphide

argon bubble



Superscript

b bulk

eff effective, e.q. KEff
effective equilibrium constant defined

by mole fractions

denotes

1 interface
0 initial

dimensionless
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CHAPTER 1

INTRODUCTION

Steel scrap from motor cars contains typically 0.5 wt% Cu and
0.1 wt% Sn. These elements cause harmful effects on steel products.
It is reported [44], [74]-[76] that Cu content and Sn content should
be less certain levels of concentration in order to suppress hot-shortness
during forming, which is one of the main harmful effects. As conventional
steel making processes have no ability to remove Cu and Sn, it would
obviously be useful to develop a process for this purpose.
Harmful effects of Cu and Su on steel are described [59]-[61]
below:
(1) Hot shortness : Cu in steel causes surface cracks:in the later
stages of hot forming, for example in the hot rolling.of continuously
cast slabs and sections. During the heating of stee]Js]abs for
hot rolling, Fe in the surface region is selectively 6xidised.
Cu is not oxidised and the Cu content in the surface region increases.
The Cu-enriched alloy has a lower mé]ting point, as shown in Fig. 1-1.
In the surface region, some molten metal is formed which is enriched
in Cu. This penetrates through grain boundaries and makes steel
brittle. The tensile stress imposed by hot rolling causes surface
cracks.
Sn aggravates any hot-shortness caused by Cu, because Sn ﬁecreases the
solubility of Cu in austenite [48].
(2) Decreases of deep-drawibility of steel sheet by Cu.
Various ideas have been put forward for copper and tin removal.
(i) Selective melting method : Cu and Sn are selectively sweated off

the scrap by keeping the temperature higher than the melting point of
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the particular elements. (m.p. of Fe =.1536°C, m.p. of Cu = 1083°C,
m.p. of Sn = 232°C); e.g. for copper removal a molten salt bath
can be used at the temperature 1150%c - 1250°c.

(i1) Vacuum distillation method: using vacuum equipment, Cu and
Sn are volatilised (vapour pressures of Cu and Sn, both at 1 wt% in
moifén iron, are 0.79mm Hg and 0.90mm Hg respectively at 1600°C).
Vacuum distillation of tin coupled with the formation of volatile
SnS has been reported by Sehgal [38] and this could form the basis
of a successful process for tin removal. The rate of tin removal
from 0.77 to 0.07 wt% under vacuum was enhanced by a factor of 5
times at a sulphur Tlevel of 0.16 wt%.

S -
(ii1) Sulphide formation method : using the fact that Cu and Sn have L‘(iﬁ

r\,t AN

1

larger affinities for S than Fe has, it is possible to remove Cu and Y&bzfé

Sn from molten iron/steel by forming CuSo.s and SnS. |~
(iv) Other compounds : materials with high chlorine contents such

as poly vinylchloride and hexachloroethane were used by Brown et al

[40] in order to remove Sn'from carbon saturated iron as SnCl..

(v) CaSng.s formation using metallic Ca and/or CaF, [55]1, [56],
[58]. '

The characteristics of these methods are comhared below. It is reported
[42] that the final Cu content was approximately 0.3 wt% by the selective
melting method. This method requires a large amount of thermal energy,
about 240 kcal/kg steel, although the proportion of Cu removed is not high.
If this method is installed in a conventional steelmaking process, e.g. combined
with an LD converter,.scrap can be heated up by the thermal energy of waste
gas of the process and treated scrap which has a large amount of thermal
energy can be directly charged into the refining process without any
significant thermal loss. This improves the thermal efficiency in the whole

system.



Vacuum treatment requires high temperatures from 1600 to 1800°C,
so the thermal loss is significant. Because of the high temperature
and vacuum, Mn escapes as vapour. It has been pointed out by Harris et
al [35] that it is possible to increase the kinetics of Cu and Sn removal
from molten iron by combining vacuum and argon gas bubbling, which
increases the metal/gas interfacial area by forming both metal droplets
and gas bubbles. In the case of slag-metal reaction most of the previous
work has been concentrated on the study of copper removal from carbon
saturated iron at the temperature range 1250°c - 1350°%. A great deal of slag
(15-40% of the metal weight) is required for significant copper removal
(”cu ~ 70%), NaSg.s slag has been thought the most suitable slag for
copper removal ffom carbon saturated iron. It is more difficult to remove
copper from steel than from carbon saturated iron due to the difference of C
content and temperature. The higher thg C content, the higher is the
activity coefficient of Cu. NaSe.s for copper removal from steel by the
addition of a compound which increases the boiling point of the mixed
compounds, e.g. A1S;.s. NaSq.s has many disadvantages, e.g. difficulty in
handling because of hygroscopicity, high price, high reagent consumption,
refractory attack. It is therefore necessary to investigate alternative
fluxes for an industrial process. There are some reports %é%, [21] about
copper removal using a method other than forming the sulphide. It is
reported by Brown et al [40] that 85% of ;,  was removed as §ﬁ€i£(initia1
Sn 1.1 - 1.5 wt%). Simultaneously 4-9% of iron was removed - this loss of
iron would be a serious limitation for a full scale process.

In the present work, copper and tin removal from carbon saturated iron

and from steel has been studied, using sulphide slag.



Actual slags used in the experimental work are:-

i) NaSg.s - FeS .mixture.

i) CaF2 - FeS mixture.
iii) CaS - FeS - Fe0 mixture.
jv) CaS - NaS¢.s - FeS mixture.

The main aims were:-

1)

2)

3)

to find an efficient condition for copper and tin removal
from carbon saturated iron by varying the slag composition

keeping [S] at a reasonably low value.
to find a suitable slag for copper and tin removal from steel.

to establish mathematical models which are able to simulate

not only the behaviour of copper and tin in the various
conditions but also to simulate various other kinds of
pyrometallurgical problems which are relevant to metal-slag-gas -

reactions.

The full mathematical model which is a comprehensive version of the

mathematical model predicts the behaviour of the system relating to both the

rate phenomena and the local chemical equilibria at the interfaces.

The mathematical models may require some experimental verification.

These models provide much information which is difficult to measure, and

allows accurate predictions to be made on the basis of relatively few

experiments.

The principal restrictions of the full model are :

1)

2)

As the rate of chemical reaction is not included, the

chemical reaction rate should be faster than other rate phenomena.

VV1gorops mixing, which creates droplets of slag and/or metal, is

not included. This can be included by some modification of the
coded programme or simply by an increase in the mass transfer

coefficients.



CHAPTER 2

PREVIOUS WORK

2-1 Mathematical modelling

There are many mathematical models reported which are relevant
to pyrometallurgical reactions. The majority are special models which
are only applicable to a particular set of experimental conditions and
were developed purely to understand their results. There are fewer
general models which are applicable to a wider range of reaction
conditions and which are based on very general governing equations.
The present survey is restricted to the latter cat egory of models.

The mathematical models for pyrometallurgical reactions mainly
consider only the metal and slag bhases. In iron and steelmaking
processes these phasés are important But the gas phase frequently also
plays an important part in determining the course of the reactions.

Lu[63] and Frohberg et al [62] app]ied electro-chemistry to the
metal/slag reaction. According to them, the flux of the species-i across the
intreface, Ni , is related to the chemical and electrical potential

difference between the two phasés.’ After linearisation, using

phenomenological parameters,-L%j, they obtained:-
V N. = -3 L.. (au./8 + z. FAQ/S)
1 j< 1] J J (2-1)
Here A'M; “and A@are chemical potential and electrical

potential difference between the two phases respectively.
& is a characteristic length for these potentials. F 1is Faraday's
constant. zj is the valency of the species - j.

In the case where the total current is zero,

? Zi Ni = 0. (2—2)



This Teads to the equation for determining AQ

bpm -T2z Ly MEV/E T (2 Lig ) B (o
J 13
In the right hand side of equation (2-1), the first term is the

flux density caused directly by the chemical potential difference and
the second term is the flux density caused by the electrical potential
which ié created by the collective effect of chemical potential
differences of all species. Frohberg et al [62] applied this model to
de-S of an Fe-C-S melt. They derived A from the experimental data of

the distribution coefficient of sulphur defined by (wt% S) [/[nt%S].

slag
They then calculated the electrical potential induced and the flux density
of.oxygen and finally they calculated the rate of evolution of CO.

They claimed that the calculated CO evolution and Fe transfer gave good
agreement with the experimental data. Some of the assumptions in their
model are debatable. e.g. the concentration of oxide in the slag phase
was assumed to be constant and build up of oxygen in the metal phase was
aséumed to be negligible. They used many phenomenoligical parameters,

and the results predicted by their model agreed fairly well with the
experimental resu]té. In the case of more complicated systems, e.g.

when a greater number of elements are involved, their phenomenological

parameters could hardly be determined. They assumed that the rate controlling

step was the interfacial chemical reaction. It is thought more probable

that the rate controlling step is mass transfer in the boundary layers.
Niwa et al [68] applied a reaction model based on an electrochemical
mechanism to some problems; e.g. metal-slag transfer of manganese and
sulphur. They included a diffusion process in thg slag phase in their
model. It is possible to discuss both chemical reaction rate and mass

transfer rate in the slag phase. In the case where one anion S~ and one



cation, e.qg. Mnff, are introduceq, the problems are readily solved.
Numerical methods using a computer are required in the case of multi-
anion and/or cation problems due to the nonlinear nature of the
governing equations.

Kawai et al [32] pointed out that many previous thermodynamic
data were compiled on the basis of molar properties although a metal-slag
reaction is thought to proceed electrochemically.

They established a model based on mass transfer as the rate
controlling step. They applied it to simultaneous de-P/de-S from molten
iron [67], MnO reduction into molten iron [64] and so on. In their model,
the equation for the total flux density balance is equivalent to the
equation for the charge neutrality (zero total electric current) condition
in an electrochemical model. (see equation (2-2)). This model does not
include CO evolution. If CO evolution plays an important role in the
actual phenomena this model fails to describe the actual process correctly.
In the case of MnO reduction [64], they used the interfacial concentration

of Fe0 as a key variable and they determined the values of parameters,

f

kPer K defined by (wt% Mn0)’ / [wtmn]'(wt#Fe,0)’ and L, defined by
Mn } i slag ‘ slag
(wt2 FetO) / [wt%0] " (which was assumed to be affected by Mg0 content

slag _
due to dissolution of crucible in the slag phase).which gave minimum

difference between calculated and experimental results, i.e.

minimise Z([wt% Mn]c.a]c - [wt% Mn]exP )2 and
time

calc

minimise £([wt% 0] - [wt% 01%*P )2, where superscripts

calc an§1g$ﬁ denote calculated and experimental result respectively.
They put all of the unknowns of thermodynamic data, eg. activity coefficients
of compounds in the slag phase into KMn and Lo‘ Increasing the number of
elements and compounds involved would cause difficulties in determining the

values of parameters.



Fnkyzawa et al [70] qeve1oped a reaction model based on mass-
transfer as the rate controlling step and applied it to some problems
of oxygen steelmaking processes. One of the essential parameters in
their model is the oxygen delivery ratio which is defined by the ratio
of oxygen consumed by Fe0 formation to the total oxygen blown.

The actual behaviour of oxygen could only be properly simulated by a
metal-slag-gas reaction model, which can deal with oxygen transport in
the slag phase, without introducing an empirical parameter such as the
oxygen delivery ratio.

Robertson et al [16] developed a comprehensive reaction model which
has the following characteristics:-

1) The rates were assumed to be controlled by multi-component

transport in the metal and slag phases.

2) The model can be applied to both ferrous and non-ferrous

systems, owing to its general nature.

3) The oxygen transport which played an important role in many
- problems was modelled by the introduction of metal/gas and
slag/gas interface, which are relevant to CO formation and
transport. They included the reduction mecnanism of oxides
by CO at the s]ag/gas interface and the oxidation mechanism of
C by C02 at the metal/gas interface, as shown in Fig. 2-1.
Although this model requires some sophisticated computational techniques
to solve simultaneous nonlinear equations, the solution leads to the
better understanding of the actual phenomena observed in the experimental
work for instance from calculated data which are experimentally

unmeasurable.
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In the case of de-Cu/de-Su using NaSq.s slag which are relevant
to the present study, Na vaporization, SnS vapour formation, NaSo.s
decomposition and their transport to the bulk gas phase are important.
In order to describe these phenomena, in the present work a mathematical
model on the same basis as Robertson et al [16] was developed, as !
depicted in Fig. 2-2 and is explained in 3-2-1.

When thermodynamic and kinetic data are not available from previous
lTiterature they are kept as unknown parameters in the model. As long as
the model is based on the correct governing equations, it is possible to
evaluate these parameters by comparing the experimental and the computed
results whilst changing the values of these parameters.

In the present work, some unknown parameters relevant to thermo-

dynamics, e.g;&hsds , were determined from the steady state mathematical
model and some unknown parameters relevant to kinetics were determined from
the full mathematical model. |

These kinetic parameters relate to the f]ui& dynamic properties of the
system. Some attempts have been made [66], [69] to combine a fluid
dynamic model and a chemical reaction model so as to simulate de-S with
a dispersed slag in the metal phase. Their models agreed with the experimental
data fairly well. Such models are useful for problems in which fluid
dynamics play an important role.

As is pointed out by Robertson et al [16], there are some factors
which are difficult to incorporate in the mathematical model, for example,
the change of the. product of mass-transfer coefficient and actual interfacial {
area during reaction due to the changes of interfacial tension and/or the !
changes of viscosity of the slag phase. These interfacial phenomena were

reviewed by Berg [72]. The interfacial phenomena during de-S were discussed

by Saelim et al [65].
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Fig.2-1 Schematic view of the metal-slag-gas reaction
model developed by Robertson et al (16).

gaseous

species
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J

metal

crucible reduced

Fig.2-2 Schematic view of the metal-slag-gas
reaction model ( full model ) in the

present work.
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2-2 Physical modelling.

In pyrometallurgy, the rate of a reaction is often controlied
either by the mass transfer in the boundary layer close to a phase
interface or by mixing in the bulk phases. Sometimes both mechanisms
together have an influence on the rate. Chemical reactions at high
temperatures are generally very fast so that they do not have a large
effect on the overall rate of reactions involving phase to phase
transport.

There are several means of enhancing mass transfer rates
as follows:-

1) Mechanical stirring (by shearing stress), e.g. furnace

rotation, impeller in the transfer ladle in steel industry [50].

2) Stirring by induction, e.q. electro-magnetic stirring.

3) Stirring by gas injection (see Fig. 2-3).

It has been pointed out by Joosten et al [1] that there have
been many reports about the suspension of particles which are denser
than the bulk 1liquid but a;less;r number of reports about the
entrainment of lighter particles in a heavier liquid. They determined
the critical revolution rate of a stirrer and its power consumption
for the entrainment of particles into a water bath by using various
combinations of stirrers and baffles. In their definition, the
critical revolution rate (called the minimum revolution rate in their
paper) was the rotating rate of the stirrer which was just enough
completely to remove any stagnant zone of floating particles on the
surface of the Tiquid. This definition, as well as the observations,
tended to be subjective. It was claimed that the reproducibility of
the results was within 5% in their experiments as long as the experiment

was carried out completely by the same person. The conclusions of
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their experiments were :

1) The optimal flow pattern for suspension of the floating
particles was obtained by rotating the Tiquid rapidly
and disturbing the rotation with a fairly wide baffle placed
above the stirrer and perpendicular to the wall of the
vessel, (see Fig. 2-4).

2) Without a baffle, it seemed to be best to set the stirrer
in an off-centre position. Thorough investigation of this

- was not carried out.

3) It was best to use a four-bladed and inclined-blade paddle
in order to obtain a Tow critical revolution rate and low
power consumption.

4) It was possible to decrease the critical revolution rate by
increasing the d/D value. (Fig. 2-4).

5) The effect of h; (the distance between the bottom of the
vessel and the bottom of the stirrer), on the critical
revolution rate was small. The deeper the stirrer is set,
the Tower the critical revolution rate to some extent.

The population of entrained particles was less below the
stirrer than above it. |

- 6) The effect of the density difference, Ap, between the floating
particles and the Tiquid on the critical revolution rate Nep
is expressed by Ncr ¢(Ap)°'21 according to the e&perimenta]
results. It was thought that the effect of the size of

particles on Ncr was negligible.
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7) The critical Froude number, .the dimensionless critical revolution

rate, was obtained from equation (2-4). o L
Nel {.’ <"

) d (=365 opn 0eu2 (2-4)
Fr‘cr =CX ( D ) X (BI) . '

Fr : Froude number defined by Fr = N? d/g

¢ : experimental constant depending on the
configuration of the stirrer and the baffle
in case of the four bladed and inclined
paddle, C = 3.6 x 102

Applicable regions of the equation (2-4) :
0.27m < DK 1.8m
0.29 < d/p< 0.60
0.1 < Ap/pL < 0.76
0.11 < hs/D< 0.33

with 2mm < dp (particle size) < 13mm
water viscosity u = 107 N.s/m?
only density o, = 1000 kg/m?

They used the stirrer profile depicted in Fig. 2-5 changing the
d/D value between 0.29 and 0.6, the number of blades being 2,3,4 or
6, the number of bafflies being 1 or 4. They achieved criticé] :
revolution rates at minimum power by choosing the inclined paddle
which had larger d/D value and using the baffle which supressed the
swirling of the liquid. ‘

Lim [2] used a Tow temperature model in order to obta%n the
basic data for both designing a new refining process and improving
existing processes. He investigated the conditions for good entrainment
of the particles by changing the revolution rate of the stirrer, the
size of the stirrer, the viscosity of the Tliquid, the density and size

- of the particles and the system geometry. He measured the rate of

entrainment of particles, using simple flat-bladed paddles.
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He used a special geometry depicted in Fig. 2-7, which was similar
to that in a submerged arc furnace for tin sTag reduction by coal
particles. There were tw°(i£§££§f? and two electrodes which acted
as baffles. The main function of the stirrers was to entrain the
floating reagent particles into the 1iquid and to disperse them.
This enhanced the reaction rate. Lim's definition of the critical
revolution rate was the rate which could just entrain 60 particles
per minute. The critical Froude number was expressed by equatibn

(2-5) which was derived from the experiments.

d . ( \ 2
= Pyo.u 2y-q. dy-1. Apro.e7 - A
Frcr = 0.123 x (__d) "h3y (H) 033y ('ﬁ) 1-95, (q)o 3 (2-8) ’

Applicable regions of equation (2- ) were not mentioned in Lim's

paper. Regions investigated by him were:

d = 127mm or 191mm (stirrer's size)

h; = 50.8mm or 102mm (clearance between the bottom of vessel and stirrer)
bv =0.9x 107*~ 5,2 x 107" m®/s (viscosity)

ap/pp = 0.20, 0.46 or 0.60

number of particles = 50, 120, 200 or 300 spheres

dp = 10 or 20mm (particle size)

In equation (2-5), 2, which denotes the clearance between the
wall of container and a stirrer, .is expressed explicitly by
2 = (D - d)/2. It is not reasonable to use three variables D,d and &,
which are not independent to each other, in the equation.:

Although Lim showed a large effect of viscosity on the critical
Froude number for entrainment in his paper, the critical Froude number
decreasing with decreasing fluid viscosity, a viscosity term did not
appear in the final correlation. The use of his work might lead to ‘W

. neglecting the effect of viscosity of the molten phase, e.q. slag phase. |
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The smaller and the heavier the particle, the lower was Frep
The larger stirrer had lower Frcr values. The difference between
equations (2-4) and (2-5) was mainly due to the difference of
system geometry. Lim concluded that the deeper ;tirrer required a
higher Reynolds number (Re = déN/v) to givéffféi5;;;E} On the other
hand, Joosten et al [1] concluded that, if anyﬁhﬁhé; the deeper
stirrer required the lower minimum revolution rate. In the present
work, the effect of the depth of the stirrer on the critical
revolution rate was carefully investigated.

The mechanical mixing of small foamed polystyrene particles
floating on water in a cylindrical vessel was investigated by Ando et al
[3]. They identified a region in the r.p.m./position plot which
gave good performance for entrainment of the particles. The results
are shown in Fig. 2-8(a). The effect of the revolution rate of the
stirrer, the depth of the stirrer and the baffle on the entrainment

and circulation of the particles were investigated. It was concluded

by them that if the number of blades was increased from four to six, the éritif

cal revolution rate cou]d-ﬁé reduced by 30%;‘ They also showed thati a 5%
AbftbhAférithe blade reduced thé ékifica1'ré§6ld£§on‘réte Ey 10% in the
case of the four-bladed stirrer. As is shown in Fig. 2-8(a), the
baffle reduced the critical revolution rate to a great extent (~20%).
Fig. 2-8(a) shows that the position of the stirrer should be deeper
than some minimum value in order to entrain particles. Th%s restriction
for the depth can be relaxed by the use of the baffle.

Nakanishi et al [4] investigated the characteristics of mixing of
water and particles for the combination of the gate type stirrer
sketched in Fig. 2-8(b), and gas injection from the stirrer and applied
. the results of the water model to plant scale equipment which is used
for de-S of 60 tonnes of molten iron. The stirrer caused a vortex in

the centre of the liquid surface. The reagent for de-S gathered into
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this vortex and then the reagent was entrained into the molten
iron. Nitrogen gas injected from the stirrer helped dispersion
of the reagent throughout the bulk phase. Their conclusions from
the water model were :

1) The mixing time (defined by tracer-method) can be reduced
only by the stirrer characteristics. The effect of gas
injection on the mixing time was very small.

2) The reaction time, including mass transfer between the
slag phase and the metal phase, was influenced by gas
injection. Gas injection helped this mass transfer.

In the present work, water and lead were used to simulate the
iron. In the present work it was aimed to obtain good suspension/
suction performance using a flat-bladed stirrer wh%ch had smaller
d/D value and no baffle. This increased the critical revolution rate
required for entrainment to higher values than in the case of Joosten
et al. (see Fig. 2-6). In the present work, the critical revolution
rate, Ncr,’was defined as the rate which could just entrain a floating
particle. A mechanical stirrer Qas selected because it was found by
Ohguchi [10] that it was difficult to inject gas powder mixtures on the
small Taboratory scale. The reasons for this are:-

1) The lance size has a minimum value below which blocking of
solid flow will occur even in a tube transportinghpowder from
one dry container to another. |

2) The gas velocity must be sufficiently high to prevent nozzle
blockage by liquid metal. You et al [8] have shown that, even
during gas only injection, Tiquid penetration did occur and that
its severity was reduced by increasing gas flow rate. In solid
powder-gas injection the liquid penetration could cause nozzle

blockage uniess the gas velocity was above a critical value.
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The gas injection rate dictated by factors 1) and 2) above was
about 4 ¢ /min in a 1 mm diameter nozzle and led to severe splashing

Pam ——

in the/3ka wall above tﬁéjme]t. It was shown by Ohguchi [10] that the
stable condition for injection was a very narrow region in the gas
flow rate and nozzle diameter domain, as is shown in Fig. 2-9.
This region for stable injection became narrower with advancing time
because blockage became increasingly likely with time.

Blockage of horizontal nozzles during injection of gas into
liquid cast iron was investigated by Davis et al [53]. They concluded
that when the bubble rose from the nozzle tip, Tiquid metal moved to
fill the space and if this metal has a sufficient component of
momentum toward the nozzle, blocking would take place. Engh et al [54]
* found the relation between gas velocities at nozzle and the number of
droplets that entered the nozzle per unit time, n. They also concluded
that n was minimum for a horizontal nozzle.

You et al [8] studied the clogging of the nozzle in the case of gas
injection with or without powder. He changed the orientation of nozzle.
~ They concluded that horizontal position was most desirable and powder

injection had a Tower penetration depth of the liquid into the nozzle

than the results for gas-only injections.

The transport of powder from tank to the vicinity of nozzle tip does
not cause any problems. The fundamentals of this transport are given in
the reference [51].

Because of the difficulties described above Ohguchi decided to supply
the powder onto the surface of liquid and to entrain it into the Tiquid by
a gas-only injection lance. However, accretions were still a problem and
the slag/metal contacting was not very effective.

It was therefore decided to investigate the use of a mechanical
stirrer in the present work.
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2-3 Chemistry and kinetic¢s of decopperising and detinning from carbon

saturated iron and steel (de-Cu/de-Sn)

Studies of copper removal from carbon saturated iron have been
influenced by the U.S. patent (1950) of Jordan [20]. He claimed the
following items in this patent:

1) As S has greater affinity for Cu than for Fe, it is possible to
get rid of Cu in the molten iron by forming copper sulphide.
2) NaSots, KSo.s and AlS;.s were used as reagents for copper removal.
3) S in the initial metal phase helps copper removal.
4) Mn and Al have greater affinity for S than has Cu.
5) It is possible to suppress volatilisation loss ofNaS,.sby adding A1S;.s
6) KSg.s has similar characteristics as NaSg.s.
7) It is possible to remove Cu and S simultaneously by NaSg.s.

The typical experimental results which he showed, are:
initial metal composition (3.34 wt% C, 2.10 wt% Si, 0.10 wt% Mn,
0.30 wt% Cu, 0.155 wt% S)
final metal composition (0.009 wt% Mn, 0.04 wt% Cu, 0.019 wt% S).
by the action of the same weight of NaSy.s slag as metal at the
temperature 1370°c.

S activity should be high enough to form copper sulphide significantly
in order to remove Cu. Ideally both S and Cu should be Tow enough to give
satisfactory mechanical properties in the final product. In order to
satisfy these inconsistent demands, it is necessary to choose a refining
slag composition which has a Tow activity coefficient of CuSq.s in the
slag phase.

It is not absolutely necessary to remove Cu and S simultaneously,
since sulphur can always be removed by a subsequent de-S step. However, it
would obviously be uneconomic to have to remove too high a sulphur content
after treatment for copper removal.

Although it is uneconomic to apply Jordan's method to the industrial

scale operation, his suggestions are worthwhile for the reasons given below:

i) He pointed out the importance of simultaneous copper and
sulphur removal.
ii) He pointed out the ability of NaSo.s for copper removal.
iii) He pointed out the suppressing effect of A1S;.s on NaSg.s
volatilisation loss at the elevated temperature.
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Sodium sulphate (Na,S0,) was used for copper removal from carbon
saturated iron by Harry et al [33]. They obtained the relation
between x, which denoted the ratio of the slag weight to the metal
weight, ?;%E:hich denoted the fraction of copper removed, as equation

(2-¢) by experiment
Moy = 1 - exp (-3.23x) (2-6 )
x = (weight of NaSy.s)/(weight of metal)
ey = (initial Cu concentration)-(final Cu concentration)

(initial Cu concentration)
0.45 wt% < (initial Cu concentration) < 1.5 wt%
Temperature < 1540°¢C

They claimed that very low Cu contents were achieved, -say less
than 0.002 wt%. According to equation (2-6), Ney = 0.90 corresponds
to x = 0.71, for instance. In other words, 710 g of slag is required
for 90% of copper removal from 1000 g of metal. They tried to apply
their experimental results to the industrial process. They could not
establish economic feasibility, although they tried some efforts to
improve the efficiency of reaction by means below:

i) Various kinds of sulphate mixtﬁre were used in order to
optimise slag composition.
e.dg. Naz SOL, ’ Kz SOI.;, CﬁSOq s MgSOq

ii) Slag was recycled.

iii) Both Tump and powdered slag were used in order to compare the
efficiency of copper removal.

They concluded that :

1)  Pure Na,SO, slag had a better performance for copper removal
than sulphate mixtures.

2) Recycled slag worked well, improving the effiency of copper
removal.

3) Lump slag had better performance than powdered slag, because
powdered slag was partly blown off from the vessel.
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They proposed that lance injection may have given a better
performance than dumping.

Topkaya [18] studied copper removal from carbon saturated iron
systematically using sodium sulphide as the reagent. He estimated
the effect of the following parameters on copper removal;

i) temperature, i) revolution rate of a mechanical stirrer,

iii) interfacial area for reaction, 1iv) length of a contact line

of graphite, gas and slag, v) gas flow rate of argon, vi) material
of crucible, e.g. graphite, recrystallised alumina, vii) weight ratio
of slag to metal, viii) reaction time, e.g. long duration ~ 48 hr,
ix) vacuum, x) closed system.

The following conclusions were quoted:

1) NaSq.s was adequate slag for copper, manganese and sulphur
removal from carbon saturated iron.

2) The mechanism of resulphurigation was clarified.

3) Distribution coefficients defined by weight % ratios were 24
and 175 for Cu and Mn respectively.

4) These values were somewhat higher than the values which were
derived from the pilot plant. In smaller scale experiment,
it was possible to control the experimental conditions more
accurately, e.g. higher purity of slag.

5) For copper removal from steel, it was necessary to choose
stable slag composition in the elevated temperature.

6) In the closed system, loss of Fe and resu]phurisation were
small. Closed system had a good performance for copper and
sulphur removal.

7) The reaction rate was controlled by the chemical reaction at
the gas/slag and metal/slag interface and by diffusion of Na
vapour in the gas phase. (This is not borne out by later work).
It is one of the most important characteristics of his
experimental results that the reaction rate was very slow, e.qg.
significant copper removal was observed after one hour in the
system which contained 20g metal and 3g slag at 1250°C. Normally
observations lasted for 8 hours.
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The effect of C on copper removal was studied by Safiah et
al [21]. They pointed out that there had been many reports on copper
removal from carbon saturated iron or high carbon iron by NaSy.s
slag but less from low carbon iron. They did experiments on copper
removal, using slag which weighed 10% of metal weight at 1550°C and
changing C content, e.g. saturated, 2 wt% and 0.01 wt%. Initial Cu
content was 1.5 wt%. Their conclusions were:

1) Cu was removed more easily in the high carbon iron than
in low carbon iron. This was explained by dependency of
activity coefficient fe, Oof Cu on C content. As feu (high
carbon) was larger than feu (Tow carbon), final content of
Cu in high-carbon iron could be less than that in low carbon
iron.

Their experimental results were :

initial Cu after 20 minutes
carbon saturated 1.5 wt% 0.8 wt%
2 wt% C 1.5 wt% 1.2 wt%
0.01 wt% C 1.5 wt% 1.35 wt%

2) Although it had been said that it was possible to remove both Cu
and S by sulphide slag, they found that this occurred only in
cases where the initial S content was sufficiently high. In their
experimental condition, i.e. low initial S content, S was transferred
from the slag phase to the metal phase. The amount of S pick-
up in the metal phase was dependent on C content. The Tower C
content, the greater amount of S pick-up.

3) Na vapour was produced. This vapour reacted with oxygen in air
to produce white fume which was Naly.s. This fume was harmful to
the refractory. From this point of view, it was worth studying
other slags, e.g. CaS, CaSOj.



25

The study of tin removal from molten iron or steel by compounds
has only started recently. There wés a feasibi1ity study [39] and tin
removal from carbon saturated iron by NaSq.s slag which weighed 15% of
metal weight at 1250%C. Cu was selectively removed without any
significant tin removal, say 0 - 10% tin removal without reproducibility.

The evaporation method [25] - [28], [35], [38] as tin metal or
SnS and the method of Ca (and/or CaF,) addition [55], [56], [58] have
been the only successful methods for tin removal so far.

Sehgal [38] evaluated the effects of tin on the rate of loss of
sulphur and of sulphur upon that of tin in the case of steel at 1580°C

under vacuum condition. He concluded that the rate of removal of tin ﬂf»a_;_

A=

from steel containing sulphur and under low-pressure conditions consists \ 3

of two components : one represents the normal rate loss and the other the
effects of sulphur thereupon. The latter component follows second-order
kinetics and is proportional to the product of the concentrations of tin
and sulphur in the melt. It is also concluded that the removal of tin
from steel under vacuum (2-3um pressure; Hg pressure) is limited but, by
the addition of sulphur, it can be removed to Tow levels.

The effect of a third element (C, Cr, Si) on the volatilisation of
Cu and Sn was studied by Morales et al [25], using the levitation technique.
They criticised copper and tin removal methods which used sulphide slag
and/or S in the metal phase. They pointed out that 1) it had a slow
reaction rate, ii) the amount of slag requi?ggiwas too much to apply it to the
industrial process. They claimed that volatiiisation of Cu and Sn metal
by vacuum was the best method for copper and tin removal.

Many of the statements made in the paper by Morales are not in fact
valid. Later work [41] has shown that Na$,.-reacts rapidly in well stirred
systems and that very large slag masses are not required.

Sehgal [38] showed conclusively that vacuum evaporation of tin as
SnS is a much faster process than the vacuum volatilisation of Sn metal.
0f course making use of the volatility of SnS involves the addition of
sulphur to the melt.

The reaction rate for the evaporation method was studied by Harris
et al [28]. It had been thought that it was difficult to apply this method
to the industrial scale, because the ratio of surface area to the volume
decreased with increasing scale of the system. They clarified the reasons
why the reaction rate in a large system was slow. The reasons, other than
the Simple surface volume ratio, were 1) formation of an evaporation-
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inhibiting film of oxide due to air leakage which is more probable
in a larger system thah aiémaller one, ii) ref1uxiﬁg of Cu and Sn
into the metal bath due to a greater distance to a condensation site
for Cu and Sn vapour.

Later Harris et al obtained a U.S. patent [35] on increasing the
kinetics in industrial scale operation. They proposed a combination of
vacuum and gas bubbling. The gas bubbles, which rose into the vacuum
vessel, cause violent dispersion of metal droplets. This increased the
interfacial area for reaction and bulk gas flow diminished refluxing of
copper and tin. They chose the pressure in the vacuum vessel 60-80%
of the total vapour pressure of mefa]s, which was the optimum pressure
for maintaining the maximum transport of elements from the metal phase
to the gas phase. Mn was also removed so that this process should be
carried out before alloying.

De-Sn using metallic Ca for CaSn,.s formation was studied by Janke
[56], Kitamura et al [55] and Nakamura et al [58].

Kitamura et al [55] studied removal of impurities (P, S, As, Sn
and Sb) from stainless steel. Their main interest was de-P from steel
containing large amounts of Cr, say 10-48%. Under the oxidising
conditions which is used in conventional oxidising refining processes,

Cr is preferentially oxidised. They used metallic Ca for Tower temperature
melt (1350-1550°C) and CaC, - CaF, mixture for higher temperature melt

(~ 1600°C) where they concentrated on studying de-P. As is shown in

Fig. 2-10, metallic Ca for de-Sn is less effective in the higher temperature
due to vaporising loss of Ca.

This method is very ineffective at higher temperature than 1500°C
under the T atm atmospheric condition. Nakamura et al [58] estimated the
ability of Ca-CaF,. melt for removal of impurities (V-b in the periodic
table, = N, P, As, Sb, Bi; VI -b =0, S, Se, Te; IV-b = Sn, Pb) from
18% Cr-8% Ni steel without substantial changes in the concentrations of
metals (Cu, Zn, A1, Ni, Cr, Mn), C and Si. They pointed out that the
vapour préssure of Ca in Ca-CaF, éoTution in which Ca metal is completely
miscible with CaF, by decreasing Ca concentration at temperatures higher
than the melting point of CaF, (1360°C) can be depressed by decreasing Ca
concentration using ESR equipment. This is one way in which metallic Ca
could be used under higher temperature conditions.
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Janke [56] obtained fairly good de-Sn using Ca and CaF,, Nen
= 90% at 1550°C under the pressurised atmospheric conditions, 10 bar
(argon), which helped high Ca content in the metal phéSe.

It is vital to keep a high activity of Ca to promote CaSny.s
formation. Ca solubility in steel is limited, especially at higher
temperatures than boiling point (1497°C) under the 1 atm atmospheric
condition e.g. Ca solubility is 0.032% at 1600°C [58]. Janke [56]
showed the increase of Ca solubility in steel by introducing pressurised
atmosphere and proved that Ca is a fairly good reagent for not only de-Sn
but also de-P etc.

This pressurised atmospheric condition is hard to introduce in industrial
Targer scale operation.

There are many reports [19]1, [22], [23], [24]1, [31], [34], [36]

on thermodynamic data related to the Fe-Cu-S-(Sn) system.
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CHAPTER-3° MATHEMATICAL MODELLING

3-1 Introdﬁction

In the present work, two mathematical models have been developed.
One is the model which describes the unsteady state phenomena of
reaction with metal/slag/gas phases. This is called the full model.

The other is a simplified form of the full model which describes
the steady state of the system. This is called the steady state model.
The characteristics of these models are compared in Table 3-10.

The full model is related to the earlier model of Ohguchi et al [9].
The present model has been extended to include the following functions:-

i) The effect of argon gas bubbling.

ii) Various kinds of gas phase conditions.
i.e. 1inert, oxidising and reducing conditions.
i1i) A simplified mechanism of interaction between molten metal
and the graphite crucible.
The rate phenomena are the most important aspects of the full model.

The rate of reaction is influenced by some of the following
mechanisms:~ 1) bulk phase mixing ii) transport in the boundary
layers 1ii) interfacial chemical reaction.

Bulk phase mixing occurs due to eddy diffusivity and bulk flow,

—§9~ + (..v)C = vy (De vC) + (source or sink term)
convection eddy diffusion

where De is eddy diffusivity, which is not a molecular property but
depends on the fluid dynamic characteristics of the system.

The relative importance between these terms is determined by the Peclet
number, Pe, which is defined by:

(convection term)/(eddy diffusion term)
L. VO/De

Pe

Where L and VO are characteristic length and velocity respectively.
When the Peclet number is large, eddy diffusion is negligible in
comparison with the bulk flow.
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Transport in or near the boundary layers is described by
film theory, boundary layer theory, surface renewal theory or
penetration theory.

The film theory is a statement of Fick's first Taw itself.
Flux density, N, is proportional to gradienf of concentration.

N = - D.2C
ax

Concentration difference, (Cb -VC1)/6 is assumed to occur across
thickness of a film §. Then:

N = -D.(c® - ¢Ty/s
The mass transfer coefficient, k, can be expressed by:
k =D/s [m/s]

D is the diffusivity, which is a molecular property. & is a function
of the velocity and properties of the fluid.
In the boundary layer theory, two-dimensional behaviour, e.qg.
velocity profile, can be dealt with. _
In the penetration theory, it is assumed that an element of
fluid appears at the surface and that the transferred species
"penetrates" into the element during some particular time.
The penetration occurs by unsteady state diffusion, governed by
Fick's second law. The average flux density , N, during this period, tr’

is:

N = 2. 0mt, . (- cP)
The mass transfer coefficient is therefore proportional to the square
root of D.

K= 2. D/;q;tr

The surface renewal theory is based on the same idea as the
penetration theory. In the surface renewal theory, however, tr is
not constant but has a distribution. The distribution of t. is
described by a function ¢. 1In the case where p is the fraction of area
renewed in a unit time period.
p(t) = pe Pt
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Then average flux density N is:

EN_-‘P(t).dt

Jop (' -cP) .
Mass transfer coefficient is: ‘ ,§ﬁaf
k =J/D.p s

In all these theories, the mass transfer coefficient is
expressed in terms of a molecular property and fluid dynamic
characteristics.

N

3-2 Description of mathematical models.

These models are based on the general governing equations,
such as chemical equilibria, flux density continuity and mass
balance. They can be applied to wide range of problems as far as
the relevant thermo-dynamic data are available for any particular
problem. '

It does not matter that the mathematical model ‘includes some
phenomenological parameters. These parameters should ideally be
determined by independent experiments. '

In the models in this work and in that of Ohguchi [10],
the important parameters are mass transfer coefficients,i.e.-km,‘
Gco etc. Once they are determined, it is possible to apply them in the model
to predict performance under roughly similar physical conditions.

3-2-1 Full model

The characteristics of this model are briefly mentioned below:
1) Three phases are involved, i.e. metal, slag, gas.

2) The governing equations are those for the chemical equilibria
both at the metal/slag interface and at the slag/gas interface;
balance of flux density for each element at the interfaces
and balance of mass in the three bulk phases.
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3) Any number of elements can be involved so long as thermo-
dynamic data for the elements are available. The reactions
considered are shown below: Vaporization of all species

[LM] + o[ 0]
[M] + o[S]

{MO_}
o
L }

{ } is slag not gas

[ 1 is element dissolved in molten iron
is considered. CO formation at the metal/slag interface,
S0, formation CO oxidation, and CO, formation at the slag/gas
interface and Na vaporization at the metal/slag interface are
included.

4) It is possible to use the thermal balances in order to calculate
temperature changes. In the present work, the temperature is kept at a
constant value.

5) It is possible to include the effect of composition of the
metal phase on activity coefficients of metallic elements
through interaction parameters eiﬁ ) ‘

6) The time step, At, for unsteady state calculation can be set
to the maximum value which guarantees stability of calculation
in each step of calculation. i.e. the criterion for the
stable calculation is Ax/x << 1. Here x is the current mole
fraction of a particular element and Ax is its change during
the time step At. Ax/x can be written in the equation (3-1)
with a flux density N [mo]/mzs], an interfacial area S [maj,
the volume of the bulk phase V [ms] and molar concentration
in the bulk phase C [mo]/m3].

V.C. Ax/Aat = -S.N
total change of flux coming into
moles in the bulk | _ the bulk phase
phase per unit - through
time interface
ax _ SN At (3-1)
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Substituting this Ax/x into the stability condition Ax/x L1,
ohe-can.obtain the festriction for At.
V.G
S. N

At K<

7) Non-linear simultaneous equations are solved by the algorithm
of Powell's non-linear equation method.

8) At the slag/gas interface, this model includes the following
phenomena.
Reducing gas phase.

Oxides in the slag phase are reduced by the reducing gas, e.q.

CO gas, to produce pure metal which is assumed to be transported
to the bulk metal phase without further reaction. CO gas is
oxidised to CO, gas and CO, gas leaves the slag/gas interface.
Oxygen transport from the slag phase effectively occurs as

shown in Fig. 3-1 (a)

Oxidising gas phase

Fe0 is oxidised by the oxidising gas, e.g. 0, gas, to produce
Fe0;.s. Oxygen transport from the gas phase to the slag phase
occurs as shown in Fig. 3-1(b).

Volatilisation of oxides and sulphide

In the case of de-P and de-S of molten iron, the vapour pressures
of any species are negligible. In the case of copper and tin
removal, NaSq.s and SnS vaporise substantially at the elevated
temperature.

(1) Assumptions

The following assumptions are made for this model:
i) The rate controlling step is mass transfer in the boundary
layers on both sides of the interfaces.
ii1) The bulk phases are well mixed and have no concentration
gradients within them.
iii) Chemical equilibria are established at the interfaces.
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iv) A mechanism of CO transportation is based on the model proposed
by Ohguchi et al [9]. They used a phenomenological parameter
Gco [mo'l/mzs]. Flux density of CO gas, Ny, is expressed by
the formula (3-2)

NCO = GCO (PCO / pT" 1) (3-2)

Where Pr denotes the total pressure in the gas phase.

vi-Na vapour is allowed to vaporise both at the metal/slayg interface
and at the slag/gas interface. (Na) vaporised at the slag/gas
interface obeys the same mechanism of transport as that of other
species (Na) vaporised at the metal/slag interface is carried
away by the argon gas flow which is used for bath stirring.
Argon at a volumetric flow rate, 9@ , contains Na vapour at a
partial pressure, PNa [atm], at the metal/slag interface.
Flux density of Na vapour, N(Na) is expressed in the formula (3-3).

N =p,. . 9/R.T.S [mo1/mzs] where R is gas constant,
(Na) Na ;
(3-3 ). T is temperature of injected
gas in the metal bath.

vi) A1l reactions are coupled through oxygen and sulphur potentials
at the interfaces. These two potentials can be changed.
e.qg. chlorine is chosen in the case of chloride formation.

vii) No accumulation of mass at the interfaces.

viii) The composition of the gas bulk phase is constant, except for rising
gas bubbles. '

Governing equations and initial conditions

The following describes the system in which oxides and sulphides are
the constituents of the slag phase. The main variables are activities of
all species. It is necessary to define the relation between activities
and mole fractions in order to formulate mass conservation equations
for each phase and flux density continuity at each interface. Arrays are
a very useful form for variables, because it is possible to formulate a
general form of equation for each species. As is explained in detail in
Appendix -3, activity, a(i, j, k), denotes the activity of the species-i.
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i=1(0),i=2S),i=384(C),i=586 (Fe),
i=7(C), i=8(Na), i=9(Sn),i="10 (ca),

i=11 (M), i =12 (Si), i =13 (P), i =14 (Mg),

i =15 (A1), i = 16 (Cr) etc. i + 20 for oxide and

i + 40 for sulphide at the site facing to the phase-k

j =1 (metal phase), j = 2 (slag phase), j = 3 (gas phase)

in the phase - j

k = 1 (site facing to the metal phase), k = 2 (site facing to

the slag phase), k = 3 (site facing to the gas phase)

a (5, 1, 2) denotes the activity of iron (i=5) at the site
facing to the slag phase (k = 2) in the metal phase (j = 1).

On the other hand, & 5, 1,1) is iron activity in the metal bulk

phase.

Equilibrium constants for chemical reactions are also defined in

similar form, E(i, J, k).

i.e.

For the reaction

{Fe} + [0] = {FeO} .

at the metal/slag interface, the equilibrium constant for
this is defined by E(5 + 20, 1, 2). E (5 + 20,1, 2) =
a(5 + 20, 2, 1)/a(5, 1, 2) a(1, 1, 2). This is same

as the common expression: ’

Kre = 3(Fe0} / %(Fe} [0

Using the general form of variables briefly explained above, one

can obtain the generalised formulations of the governing equations.

The following elements, however, are considered as special elements:

0,S : These two elements are directly coupled with
all other elements.
C : C forms gaseous oxides, CO and CO,.
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LC]1 + [0] react on the metal/slag interface to form CO
Fe : Fe is allowed to form two oxides, Fe0 and Fe0;.s.

Na, Sn : Na vapour and SnS vapour at the metal/slag interface are
carried away by argon gas flow. (see Fig. 3-2).

Sn : SnS vapour at the metal/slag interface is carried away by
argon gas flow.

Oxides and sulphides have the form, MXO, where X denotes 0 or S.
This form is advantageous mainly because 1) activity coefficients for
these compounds in any binary system are composition-independent if e
Tenkin's ideal solution is assumed. i) reactant [M] and product
{MXO} have a linear relation with all nonlinearlity contained in the
equation for 0 or S.

Equations for chemical equilibria at the interfaces are:

1) The metal/slag interface (see Fig. 3-3 (a)).
Oxide formation : [M] + o[0] = {MOO}
' a(i,1,2)  a(2,1,2) a(i + 20, 2,1); E(i + 20, 1,2)

sulphide formation @ [M] + ofS] = {MSG}

-a(1,1,2) a(2,1,2) a(i + 40, 2,1); E(i + 40, 1,2)
These two types of reactions are expressed in one generalised
equation (3-4).

E( + 206, 1,2) =a(i + 204, 2,1)/a(i,1,2) a(io1,2)°(*o‘)

where iz 3 , (3-4)

io =1 for oxide

2 for sulphide

The CO reaction is included in the equation (3-4). (a(23,2,1) is a
gaseous species CO and has a unit of partial pressure [atm].
Na vapour pressure at this interface, a(8,2,1), is calculated from
the equilibrium [Na] = (Na).

a (8,2,1) = £(8,3,2) a(8,1,2) (3-5)
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2) The slag/gas interface (see Fig. 3-1(b)).
It is possible to define activities of all species at this
interface, metal, oxide and sulphide, although the metal itself
is assumed not to dissolve in the slag bulk phase.
Oxide. formation : [M] + o[0] = {MOG}

a(i,2,3) a(1,2,3) a(i + 20,2,3); E(i + 20,2,3)

sulphide formation : [M] + ofS] = {MSO}

a(i,2,3) a(2,2,3) a(i+40,2,3) ; E(i + 40,2,3)
These two types of ractions are expressed in the generalised
equation (3-6).

E(i + 201, 2,3) = a(i + 20 2,3)/a(1,2,3). a(i, 2,3)°!0, V)
where iz5h (3-6)

io =1 1 for oxide
2 for sulphide
vaporization : [M] = (M)
a(i,2,3) a(i,3,2); E(1,3,2)

{MO } (MO )
o ag
a(i + 20,2,3) a(i + 20,3,2); E(i + 20,3,2)

{MSU} = (MSG)
a(i + 40,2,3) a(i + 40,3,2); E(i + 40,3,2)
These three types of vaporization all have equilibrium constants of
the form given by equation (3-7).
E(i + 20 io 3,2) = a(i + 20 10 3,2)/a(i + 20 io 2,3)

Where (3-7)

izh
. 1'0 ={0 for metal

1 for oxide
2 for sulphide
Elements of i £ 4 are dealt with specially.
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For i =1 (OXygen), [0].= % (02)
§(1,2,§) a(1,3,2); E(1,3,2)
For i = 2 (sulphur), [S] = 3% (S,)

a(2,2,3) a(2,3,2); E(2,3,2)
These two species are diatomic gases and obey Sieverts' law.

E(1,3,2) = a(i,3,2)%/ a(i,2,3) (3-8)

Where i =| 1 for oxygen
2 for sulphur

For i=3=4 (carbon), [0] + (CO0) = (CO0,)
a(1,2,3) a(23,3,2) a(24,3,2); E(24,2,3)

[C1 + [01 = (co); E(23,2,3)

a(24,3,2)/a(23,3,2).a(1,2,3)
a(23,3,2)/a(3,2,3).a(1,2,3) (3-9)

E(24,2,3)
E(23,2,3)

For i=22 (S0,), [S] + 2[0] = (S0,)
£(22,2,3) = a(22,3,2)/a(2,2,3).a(1,2,3)" (3-10)

The metal/gas interface.

If there is a metal/gas contacting interface, it is necessary to
consider the formation of gaseous species at this interface, i.e.
CO, SnS etc..

For 0 (i=1) and S (i=2),
E (i,3,1) = a(i,3,1)°/ a(i,1,3) | (3-11)

[01 = 3 (0) ; E(1,3,1)
[S1 = 3 (S;) ; E(2,3,1)
For C(i=3), :
E(23,1,3) = a(23,3,1)/a(3,1,3).a(1,1,3) (3-12)

[C] + [0] = (CO) ;5 E(23,1,3)
For M(i25),
E(1,3,1) = a(i,3,1)/a(i,1,3) (3-13)
M1 = (M) 5 E(i,3,1)

For (SnS) (i =49) formation,
E (49,1,3) = a(49,3,1)/a(9,1,3).a(2,1,3) (3-14)

[Snl + [S1 = (sSnS) ; E(49,1,3)
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4) The metal/gas bubble interface.
Sn véporizaffon; SnS formation (gaseous species) and CO formation
are considered. Other reactions are neglected at the metal/gas
bubble interface.

For Sn (i=9) vaporization,
E(9,3,1) = a(9,3,1)/a(9,1,3) (3-15)

[Sn] = (Sn) 5 E(9,3,1)

For SnS (i=49) formation (gaseous species)

E (49,1,3) = a(49,3,1)/a(9,1,3).a(2,1,3) (3-16)
[Sn] + [S1 = (SnS) ; E(49,1,3)

For CO (i = 23) formation,
E (23,1,3) = a(23,3,1)/a(3,1,3).a(1,1,3) © (3-17)

[C1 + [0] = (CO) 5 E(23,1,3)

As no mass is allowed to accumulate at the interfaces, tﬁe flux

density of each species for both sides of the interface are balanced.
The flux density is proportional to the driving force which is the mole
fraction difference between interface and bulk

1)

The metal/slag interface.

For the metallic species-i (i27, i=8), as is shown in Fig. 3-4(a),
the flux density of species-i in the metal phase N(i,1,2), balances
the sum of the flux dens1ty of oxide MO and sulphide MS s
N(i+20i ’2 1). N(i,1,2) = 2 1N(1 + 2010,2 1) 1>7(1¥8 9) (3-18)
o

Where N(1,1,2) = k(i,1).C(1). {a(i,1,1) - a(i,1,2)}/y(i,1) and
N(i.+ 201 2 1).= k(i + 201 2) C(2) {a(i + 20i0,2,1) -a(i + 20io’2,2)}/
y(i + 201 2) ig= |1 for ox1de '

-2 for sulphide

For Fe (i = 5,6), as is shown in Fig. 3-4(b), it is necessary to consider
four species in the slag phase, Fe0 (i=5+20), FeO1 s (i=6+20),
FeS (i=5+40) and FeS,.s (i=6+40)

2 6
N(5,1,2) = & & N(i+20i  2,1) (3-19)
.i'o=1 i=5 e
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For C (i=3,4), as shown in Fig. 3-4(c), a phenomenological parameter
GCo is used for CO transport. In the case where the pressure of CO
is less than a threshold value, which is chosen as equal to Pr co

transport does not occur.
N(3,1,2) = Neo (3-20)

where Noo = 1 Gog {a(23,2,1)/p;-11, if a(23,2,1) > py

if a(23,2,1) < p

0 ’ T

For Na (i=8) and SnS (i=49.) as is shown in Fig. 3-4 (d), (e), Na
vapour and SnS vapour carried away by argon gas flow must be included.

2

N(8,1,2) = 12;1 N (8+2010’2.1) + NNa (3-21)
0

My = 2(8,2,1). & / R .S
2 .

N(9,1,2) = z, N (8+2010,2,1) + NSnS (3-22)

io=1

where N o = E(49,1,2).E(49,3,2) a(9,1,2).a(2,1,2). é‘/Rﬁgas .S

For 0 (i=1), as is shown in Fig. 3-4 (f), oxygen is carried by oxides.
i

.max
N(1,1,2) =.z{o (1,1).N(i+20,2,1)} + N

(3-23)
i=5 ¢0
., For S(i=2), as is shown in Fig. 3-4 (g), sulphur is carried by
su]phides.i
max
N(2,1,2) =1 {c(Z,i).N(i+40,2,1)}+NSnS (3-24)

i=1
The slag/gas interface (see Fig. 3-5).
For the element M(j27), the flux densities of oxide and sulphide
in the slag phase, the flux densities of oxide vapour and sulphide
vapour and the flux densities of metal vapour and metal liquid drops
are balanced.

.E N(i+201 ) 2.3) = E N(i+201, 3,2) + NT_.a(i,2,3)/+(i,2,3)

10-1 iy

where (iz7) (3-25)
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N(i+201 ) 2,3). = C(2).k(i+201  2) {a(i+20i 2,2)
-a(i+201 2,3)}/v(i+201  2)

iy = 1 for oxide
2 for sulphide

N(i+201, 3.2) = C(3) pT_1.k(i+2010,3)
x {a(i+201, 3,2) - a(i+201  3,3)}

io = 0 for metal
1 for oxide

2 for sulphide

For Fe (i=5,6), all four compounds should be included.

2 6 2 6
z z N(i+2010 2,3) = & N(‘i+201'0 3,2)
i=1 i=5 950 i=5
+ NTm . a(5,2,3)/v(5,2) (3-26)

For C (i=3,4), there is no transport in the slag phase and the
flux densities of CO and CO, are balanced.

N(23,3,2) + N(24,3,2) =0 (3-27)

For 0 (i=1), in the slag phase oxygen can be transported only by
oxides, MOO, and in the gas phase oxygen can be transported by

oxides and oxygen gas.

Tmax Tmax

£ {o (1,i)N(i+20,2,3)} = £ {o (1,i)N(i+20,3,2)}
i=5 'i=5
+2N(1,3,2) + 2.N(22,3,2)

+N(23,3,2) + 2.N(24,3,2)
(3-28)



For S (i=2), in the slag phase sulphur can be transported only
by sulphides, MSG, and in the gas phase sulphur can be transported
by sulphides, S0, and S, gas.
i
max
z {o (2,1).N(i+40,2,3)}
i=5
i
max
= z{o (2,1).N(i+40,3,2)}
i=5
+2N (2,3,2) + N(22,3,2)
+NTm.a(2,2,3)/y(2,2) (3-29)

3) The metal/gas interface (see Fig. 3-6).
For the element M, the flux densities of vapour and dissolved
element are balanced.

N(i,1,3) = N(i,3,1) iz5, (i=9) (3-30)
M vapour
For C (i=3),
N(3,1,3) = N (23,3,1) (3-31)
CO gas
For Sn(i=9) v
N(9,1,3) = N(9,3,1) + N(49,3,1) (3-32)

metallic sulphide

For 0 (i=1),
N(1,1,3) = 2N (1,3,1) + N(23,3,1) (3-33)
0, gas CO gas
For S (i=2),
N(2,1,3) = 2N(2,3,1) + N(49,3,1) (3-34)

S, gas SnS gas
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4) The metal/gas bubble interface (see Fig. 3-7).
Rising time dfagas bubble is usﬁa]]y much iess than the
characteristic time of the reaction, tref' ‘
Changes of gas bubbles during their rising period should be
solved at each time step which is used for computing the
evolution of the whole system. The main characteristics of this
problem are the fact that the gas phase, i.e. bubble, is a closed
system. It is necessary to solve the volume change, pressure change
and composition change of gas bubbles. For simplicity, the reactions
considered are CO formation, SnS formation (gaseous species) and
Sn vaporization.
Flux density conservation equation for 0 (i=1) is

N(1,1,3) = N(23,3,1) (3-35)
CO gas
For S(i=2),
N(2,1,3) = N(49,3,1) (3-36)
SnS gas
For C(i=3) i
N(3,1,3) = N(23,3,1) (3-37)
CO gas

For Sn (i=9),
N(9,1,3) = N(9,3,1) + N(49,3,1) _ (3-38)
Sn vapour SnS gas

It is required to derive mass conservation of each phase in order
to describe evolution of .all variables.

1) The metal phase.
The change of mass of each species in the metal phase during a
time interval, At, is proportional to (flux density) (interfacial
area) x (interval). This flux density should include reduced
metal droplets created at the slag/gas interface in the case
of reducing gas phase.

AV(1).C(1).a(i,1,1) /y(i,1).at
= =5(1,2).0(3,1,2) -5(1,3).N(3,1,3) + 5(2,3).NT _.a(i,2,3)/v(i,2)

(3-39)
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The total mass of the metal phase changes by aMass (1) during
time interval, At due to the change of mass of each species.

i
AMass (1) = -S(1,2).at. =% M(i) . N(i, 1,2)}
i=1

1
-5(1,3) . at ..¥?TM(1) LN, 1,3))
i=

1max

+8(2,3) . At . NT '22 (i) . a(i,2,3)/v(i,2)] (3-40)
i= -

It is allowed to supply carbon to the metal phase to compensate
for carbon loss due to CO formation, if specified. The total
amount of carbon supplied is counted. In this case, AMass (1)
is modified to :

AMass (1) = aMass (1)

+ S(1,2). at.M(3) . N(3,1,2)

The C content is kept constant with time. e.g. C content is
kept at the saturated value at a particular temperature.

2) The gas phase

In the open system, the composition of the gas bulk phase
is assumed to be constant.
The total mass of the gas phase changes by AMass (3) during
a time interval At due to all fluxes to and from the gas phase.
2 Tmax

AMass(3) = S(2,3) . at z © {M(i + 2010) N(i + 2010, 3,2)}
i:=0 i=5
)

+ 2M(1).N(1,3,2) + 2M(2).N (2,3,2)
+ M(22) . N(22,3,2) + M(23) . N(23,3,2)
+M(24) . N(24,3,2)

+Au4woﬂéhs
+5(1,2) . At .:[M(23) . Nom + M(8) . Ny.1
1max co Nag
+5(1,3) . at . 2 {M(i).N (i, 1, 3)1 (3-41)
i=1

Where M(i) is a molecular weight [kg/mo1] of the species - i
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3) The slag phase.
The éhange 6? mass of each species in the slag phase during a
time interval, Aﬁ; is caused by the flux to and from the inter-
faces and powder supp]ied;

AV (2).C(2).a(i + 204, 2,2)}/v(i + 204, 2))/At
= 5(2,1) . N(i + 20, 2,1) - $(2,3) . N(i + 20i , 2,3)

+0Q. Xpou (i + ZOiO) (3-42)

Here Q'XPON i+ 2010) denotes the rate of powder supplying
of a particular species - i + 2010, [mol/s].

The total mass of the slag phase changes by A Mass (2) during

a time interval, At. aMass (2) should be balanced with the
changes of mass of other phases and the amount of powder supplied
during a time interval.

A Mass (2) = {a Mass (1) + aMass (2) }

+-MPGH . At (3-43)

Here MPOW denotes a rate of mass supplied to the slag phase.

A11 equations are coupled to form a set of simultaneous

equations.

Activities of all species are the main variables. It is possible
to reduce the number of variables in the simultaneous equations
after some derivations explained in Appendix-3. These key variables
are a(1,1,2) and a(2,1,2) at the metal/slag interface and a(1,2,3),
a(2,2,3) and NT, at the slag/gas interface.

Procedure and programme for computing are explained in Appendix-4.
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3-2-2 Stedady state‘mode1

The steady state model is a simplified version of the full model.

The following modifications of the latter lead to the steady state
modeT.

i) A1l time derivatives of equations in the full model are
put to zero.

ii) The steady state model is not general model. It is applied only
for de-Cu/de-Sn from carbon saturated iron/steel using a
sulphide and/or oxide slag.

iii) It includes three phases. i.e. metal, slag and gas.
The gas phase is simply involved in the reaction through Na
vaporization, SnS vaporization and CO formation. CO formation
is only considered in cases where oxidic slag is used.
Na and SnS vapour are transported by argon gas flow.

Strictly speaking, there is no steady state in the system, especially
in the case where argon gas flow is introduced. In this steady state
model, the total amount of argon gas blown is used to calculate the final
state of the system in one step.

The following paragraphs deal with theoretical background of de-Cu/
de-Sn and a description of the steady state model.

The conditions, which influence copper and tin removal from molten
iron or steel are briefly stated as follows:-

A metallic component M in the metal phase is assumed to equilibrate
with S and sulphide MSU in the slag phase.
[M] + o[S] = (MS_}

where ¢ denotes stoichiometric constant (3-45)
The chemical equilibrium is described by an equi]ibriumvtonstant KM
and activities a in equation (3-46)

= da [o]
M= 2y / A Areg (3-16)

KM is dependent both on temperature and on the standard states which are
chosen for activities.



51

In this work, the standard states selected are as follows:

(1) Sulphides and oxides - pure stable substance in the
liquid state, i.e. in the slag phase, pure MS (X{MS .

1.0) has activity ArMsy = 1 (Raoultian standard)

(2) Elements in the metal phase - infinite dilution, i.e. the
activity coefficient f becomes unity when the solute is
infinitely diluted (Henrian standard).

(3) The solvent Fe. For Fe (Raoultian standard).
Using these definitions for the activities, the relation between
an activity a and a mole fraction x is expressed in equations (3-47)

and (3-48) with activity coefficients v and f for Raoultian and Henrian
standard states respectively.

- Y. ; i
sy T sy s ) (3-47)

a

n

oo = fon o Xon (3-48)

Substituting these expressions for a{MS } and a M3 into equation
(3-46), the distribution coefficient for the%element M between the slag
phase and the metal phase, defined in mole fractions, gives equation (3-49).

1
- g0 _ s ti e
5 /xM = KM fM fs Xg / YMSo = LM 3 distribution
coefficient  (3-49)

Where brackets for subscripts are neglected. This rule is used in
the following.

Thus, in the case where M = Cu ")
oo

affected byfcompos1t1on

e f Y |
Fe——— - afa. FU5 x I g
, LA s Ts o )
T L Y (3-50)
X FTIT Yes |
Cu Pred | _ w4905
- AN
affected by affected by

temperature slag composition
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The greater value of L the metal/slag system has, the larger is
_ Cu e e
its capacity for copper removal.

The following considerations indicate how this factor can be
influenced.

i) The metal phase. Léu increases with increasing fCu . fé and/
or xsé . These activity coefficients depend on the composition
in the metal phase. This dependency is quantitatively expressed
by the interaction parameters ég). For Cu, Sn and S, interaction ]f?

parameters in molten iron are given [17] in Table 3-1.

A

Activity coefficients are calculated for the various molten

metals. These are pig iron, iron after dephosphorising and
desulphurising treatment, and steel. Assuming typical compositions,
calculated results are given in Table 3-2.

The values of f f%i are given below:

, Cu
fCu X fé = | 3.7 : pig iron
3.2 : pre-treated de-P/de-S pig iron

1.} : steel

In the case of steel, fCu X fé is Towest and this means that it
is the most difficult condition for copper removal among these

three molten metals.
In equation (3-50) L'

Cu
advantageous for copper removal to increase the S content of the

is also proportional to Xg- It is

metal phase. The S content should, however, be kept low in order
J
to suppress harmful effect of S on the steel product. LCu should

therefore be increased without increasing S content.

]
ii) The slag phase. LCu increases with decreasing YCuSo,s' It is thus

essential to select the slag composition which keeps YCuS. s Tow.
Data on Yeuos in the FeS-Na, S-Cu,S system were reported by

Topkaya [183. In the .present work, the FeS-NaSg.s - CuSg.s notation
is used. Topkaya's data have been translated into this notation

in Appendix -5.



Table 3-1 Interaction parameter eijr in molten
iron ( ref.{?) unless otherwise/ stated ).

logf,= eij)(wtﬂj)

Table 3-2 Activity coefficient fCu' fSn and fs in

various molten metal compositions.

metal
at 1873 K

i b 0 S C Si Cu Sn
0 -0.20 -0.133 0.10 -0.131 -0.013 -0.011
s -0.27 -0.028 0.11 0.063 -0,008 0,103
c qpe* 0.046 0.14 0.08 0.016 0
St -0.23  0.063 0.18 0.14 0.014 0.017
Cu -0.065 -0.021 0.066 0.027 0.023 -
Sn -0.11 -0.028 0.046"%0.057 -  0.0016

* raf.(43)

*% ref,(24)

Table 3~3 Simulated cases for de-P/de-S { by the full model )

pig iron pre-treated steel
pig iron
wtd c 4.3 4.0 0.1
Mn 0.30 0.25 0.25
Si 0.40 0 0
P 0.10 0.020 0.010
S 0.025 0.010 0.010
0 - - 0.10
Cu 1.0 1.0 1.0
Sn 1.0 1.0 1.0
activity rCu 2.1 1.9 1.1
coeft. fqn 1.7 1.5 1.1
g 3.3 2.1 1.0

gas phase no gas reducing |oxidiaing

total pressure phase

pp=10 atm DATA-1

pT=1 atm DATA2-1 DATA3-1 DATA-4
DATAZ-2 DATA3-2

pT=0.05 atm DATA-5

£s
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ii1) Temperature. LCu increases.with increasing equilibrium
constant KM which is calculated by using Gibbs free energy
change, AGO, for the formation of the sulphide.

[M] + [S] = (MS_} a6° = - RT1n K,

where R denotes the gas constant (3-51)
i.e. in case M = Cu
AG% = -9655 - 1.61T [cal/mol] (3-52)
for [Cul + 3[S] = {€uSq.s}.

[ ] denotes element dissolved in the molten iron.

{ } denotes element in the pure liquid state.

~
!

cy = EXP (4862/T + 0.8107) (3-53)

54.7 at 1250°¢

1]

30.2 at 1600°C

AG° for reactions between Cu and various possible refining
slags based on NaSg.s, CaCl,, CaF,, KF, MnS, MgS, CaS, FeS
and so on, are calculated in Appendix -5.

Temperature has an effect on activity coefficients
e.g. RTIny = constant for a regular solution.

The effect of the slag volume on copper and tin removal is
roughly estimated by combining the equation for a chemical
equilibrium (3-49) and the equation for a mass balance (3-55),
yielding equation (3-56) foranu which denotes the fraction
of copper removed. The equation for a mass balance is:-

(initial total moles of Cu) = (final total moles of Cu)

0 o _
M-, = Mm.x

m Xcu * M. x

Cu s "CuSq.s (3-54)

superscript o denotes the initial condition
subscript m denotes the metal phase

subscript s denotes the slag phase

M denotes the total moles in the particular phase

PR
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Assuming M; ~ Mo, equation (3-54) can be rewritten as :

Xey ¥ ﬂ‘XCuSO.s (3-55)

0
XCu
where B = Ms/Mm’

The fraction of copper removed, Ncy? is derived,.using
equation (3-50) and (3-55)

_ o _ )
Tcu ° (xCu xCu)/xCu
or
ey = 1 -1/(1 + gL Cu) (3-56)

ey increases with increasing 8 and/or LCu’ If a low slag

1
consumption is required (B is small), LCu should be increased
in order to keep ey at the desired value. .The relation

between fcy? L and 8 is shown in Fig. 3-8. The relation

between ey anguxS by changing the metal phase is shown in
Fig. 3-9.

It is readily possible to estimate the effect of various changes:
of parameters on copper and tin removal by using the steady state model.
Details, such as time-evolution, interfacial activity, transport
phenomena and so on, are investigated for the imporfant parameters by
using the full model. In the steady state model, the following

assumptions are made:-

1) Chemical equilibria are established between the metal phase
and the slag phase through the reaction:
Ml+o[X]-= {MXU} (3-57)

M
X

Fe, Cu, Sn, Na, Mg, K, Ca, etc.
S, F, C1 , etc.

2) Na and SnS are allowed to vaporise at the metal/slag interface.
[Na] = (Na) (3-58)
{SnS} = (SnS) (3-59)

This assumption is introduced in order ro interpret the experimental
results which were obtained by Topkaya [18] and Liu [41] in the
case of copper removal by a pure NaS,.s slag.
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[Cul + 3 [S]. = { CuSo.s} (3-50)
{ NaSe.s } = [ NaJ1+32[S] (3-61)

combined to form

[Cul + {NaSy.s} = {CuSq.5} + [Na] (3-62)

Reaction (3-62) is not favourable for the forward reaction at
the temperature considered. By including

(3-63)

[Na] = (Na) vaporization
the overall reaction is described by equation (3-64)
[Cul + {NaSq.s} = {CuSq.s} + (Na) (3-64)

Two assumptions are made to describe a mechanism of mass
transfer for Na vapour produced at the metal/slag interface:

i) Assumption 1 Sodium vapour is carried away by the argon
gas flow which is supplied for bath stirring. If the argon
gas flow rate is q [ms/s], the flux of Na vapour carried !
away is ’

Flux of (Na) = Ppg - 9/ R.Tgas (3-65)

ii) Assumption 2 The fraction, «, of the total moles of Na in
the initial slag as NaSy.s is Tost with the release of S
into the metal phase. o can be determined by the experimental
results. In the steady state model, this simplest assumption
o can be related to a particular value of argon gas flow
rate q . '
The governing equations for the steady state model are for
chemical equilibria and mass balances for each element.
These simultaneous equations are solved under some initial

conditions for the steady state solution.
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Chemical equilibria
. . ag
Kn = %wxg/ e ax (3-66)
for [M] + o [x] = {MXG}

In terms of mole fractions this equation is transformed to (3-67)

o _ g
i /= e - Kl

- eff (3-67)
T O™

This is the definition for the effective equilibrium constant
Kﬁff in mole fractions.

"Mass balance

Total mass or moles of each element must be ccnserved.
For element M :

(0}
n o m S Mx . Ms . xMxG + 8, (3-68)

here A, is the total moles lost as vapour. By assumption -2
above, this term is expressed in (3-69).

Where Oy is the fraction of the total moles of M lost as

vapour.

oy = 0 M. = Na (3-70)
a M. = Na -

The equation (3-68) is rewritten, being divided by M;.

0 ) S0 ’ o
Xy * (1-qM ) .z . X;X =YXyt ZoXyy (3-71)
. v g (0] y
- 0
where y = Mm/Mm
_ : 0
z= Ms / Mm

0._ 0 , O
zo =M /My
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Carbon is assumed to be inert

M?“ xg. = Mm'XC

S Xg = XQ Y | (3-72)

For X, e.g. X=S, as X is coupled with other elements, it

is necessary to sum them all.

0 (0] (o} o)
Mm X o+ MS . th (o . X MX )
ag

The equation (3-73) is rewritten, being divided by M;

x% + zo,z(oxﬁxa) = yexy * Z'Z(GXMXG) (3-74)

Sum of mole fractions in the each phase are unity.

in the metal phase

Ixy = 1 (3-75)
in the slag phase
Txyy = 1 | 3-76

The number of variables is (2n + 4). Where n denotes the number
of metallic elements in the metal phase

i.e. X X 9 b4
X *cr *Mr *Mx, Y 2
2 n n

The number of equations is also (2n + 4) i.e.

i.e. equations (3-67), (3-71), (3-72), (3-74),
—— n—— N m——

n n 2
(3-75), (3-76).

|
2
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So that the problem can be solved.

After some manipulation, these (2n + 4) equations can be
reduced to three key equations for three variables, such as
XX’ y and 'z. They are written below.

(1-xg) ey + 2z =Z}I{(u§[) + x4 (3-77)
auo
M _ .o o)
Xy - ¥ Z( str—o = *x ~Z (oxy )
y+z.KM Xy o
o )
] + (1-<2M).z “TNa XNaX, (3-78)
u
o M _
xy * x/y +Z( - (oIt x") = 1 (3-79)
ytz. Ky " oxg
o _ _o o .o
Wherg Uy = Xy + z 'XMXG'

These equations are solved by the computer programme which is
described in Appendix -4. ‘
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3-3 Some applications

3-3-1 Dephosphorisation and desulphurisation(de-P/de-S)from pig iron

Some applications of the full model have been carried
out in the present work. Simulated cases for de-P/de-S from
pig-iron are summarised in Tab]e<§£§>

A result predicted by the model in this work is compared
with a result predicted by Ohguchi's model [10] which was itself
confirmed by experimental results. The comparison of these
two predictions is drawn in Fig. 3-10. The model in this
work includes more general terms in the governing equations,
i.e. volatilisation of all species, the effect of argon gas
bubbling and so on.

There 1is no significant difference in the two predictions.
This is considered to afford a good check for programming errors.
Features of the results are, as are shown in Fig. 3-10 , a
time lag for start of de-P. In this case, the initial silicon
content of the metal phase is x=2.0x10"3 mole fraction
(0.10wt%) and the time lag is approximately 80 sec. This is due
to Tow oxygen potential at the metal/slag interface in the

¢
!

initial stage when oxygen is consumed by silicon. On the other
hand de-S and de-Si occur from the start. The time lag could
be longer with higher initial contents of silicon, as was
explained by Ohguchi [10].
After the end of powder addition, Mn-recovery and rephosphorisation
of the metal take place.

In the full model, reagent can be supplied by an initial
"dumping" and/or continuous feeding. It is almost impossible
to start with no initial slag and continuous feeding. During
the first time interval, which is used for unsteady state
computation, a very small amount of reagent, which is generally
far from chemical equilibrium with the initial metal phase, N
is fed. The composition of this slag phase changes too rapidly fﬁ“ff
for the model to simulate properly because large driving ' )
forces for mass transfer between the metal phase and the slag
phase cause large fluxes in the initial stage. It was found
that 10g of the initial slag for 3000g of the metal phase and
a time step of 0.001 in the dimensionless time are a good
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compromise for stable computation. The effect of the
composition of the initial slag on the interfacial
activities of oxygen and sulphur which are most sensitive
to the initial slag composition are shown in Fig. 3-11.

Two types of slag are considered. Type I slag has
a composition which is almost at equilibrium with the
initial metal phase. Type II slag has the composition which
contains excessive amount of sulphides to the steady state
conditions. Higher interfacial activity of sulphur is
predicted for Type II slag. There is no significant difference
in the interfacial activity of oxygen.

In the case of de-P/de-S of molten iron, the metal/slag
interface is the major site for reaction. There are, however,
some effects of the gas phase on the whole system. Three
conditions for the gas phase are compared, i.e. no gas phase
(except for CO evolution), reducing gas phase (PCO=1 atm) and
oxidising gas phase (RDZ = 0.1 atm). The gas phase has
influence on carbon losses, de-S/de-P, oxidation of FeO to
Fe0,.s and so on. The results are described in Table 3-5.
There is little difference between the behaviour for these
gaseous conditions. The reducing gas phase is slightly more
favourable for de-S and the oxidising gas phase is slightly more
favourable for de-P. In the case of the oxidising gas phase,
oxygen transport occurs from the gas phase to the metal phase
through the slag phase by Fe0,.s. As a result, CO evolution
is enhanced in the case of an oxidising gas phase.

The effect of the total pressure of the gas phase, Prs
on de-P/de-S was investigated. The interfacia] activity of
oxygen is influenced by the total pressure through CO reaction
and CO transport; This activity of oxygén influences.all
other species through reactions of the type [M] + o[0] =
'{Mog}. The results are shown in Fig. 3-12. In the case of high
pressure (pT = 10 atm), CO transport from the metal is retarded
and the interfacial activity of oxygen is high. This leads to
favourable conditions for de-P. In the case of low pressure
(pT = 0.Q5 atm), CO transport is enhanced and interfacial
activity of oxygen is low. This leads to favourable conditions
for de-S and to unfavourable conditions for de-P.
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rig.3-11 Effect fo the initial slag composition on interfacial
activities of sulphur and oxygen ( initial slag=
10g, metal=3000g,powder added=180g after 700s,
at 1350° C, carbon saturated iron ), E:



Table 3-4 Data for simulation ( de-P/de-S,

by the full model ).

1 Common data.
1) metal weight=3.0kg, slag weight=0,010kg(initial)
2) density of metal=7000kg/m>
density of slag =3000kg/m3
3) mass tranafer coefficient
metal k_=4*10"% n/s
slag ks=2*10-: n/s
gas kg=2*10— w/s
CO transport Gco=3"10"3 mol/mzs
4) reaction area S=5%10"" n
5) powder supplying
rate=2.57*10"% kg/s
duration=700 s
total weight of powder supplied=0.180 kg
composition=0.300a0-0.30FeO-0.400&F2 mole
fraction
6) initial metal composition ( mole fraction )
0='l.2'|"10—6
$=7.0%1074
C=0.20
P=1.81#10"3
S1=2.0%1073
Mn=3.0%1073
7) initial slag composition ( mole fraction )
Fe0=6.8%107%
SiO2=O.1O i
Mn0=8,9%#10
Ca0=0.10
Mg0=0.01
A101.5=0.01
FeS=1.9*%10
MnS=6.1%10"%
Ca8=5.0%1072

2

( continued )

Table 3-4 ( continued )

8) activity coefficient
£3=2.64, £g=3.35, £,=4.41, ), =0.85,

£5157-99: Fpeo™3:04 VPsi0

Yas=1:0:

Ppo_ =2.9%10

2

-10

.5
9) temperature=1623 K ( 1350° C )

2 Data for each datafile.

=0.082,

pressure (atm) powder supply- | remarks
Pp  Pgo p02 ing rate (kg/s)
DATA-1 10 10 0 2.57%1074
DATA2-1 (1) (1) (0) 2.57%1074 no gas
DATA2-2 (1) (1) (o) 2.57%1074 lower
sulphide
content
in the
initial
-4 slag
DATA3-1 1 10 2.57%10 reducing
-4 gas phase
DATA3-2 1 1 0 9.00%10
DATA-4 1 0 0.1 2.57%1074
DATA-5 0.05 0.05 - 2.57%1074
o
o




powder supplying powder supplying

— t t
(a) pp=10.0 atm (b) pp=1.0 atm (c) pp=0.05 atm
#*
Fig.3-12 Effect of the total gas pressure on de-P/de-8 ( t =t,/1:,ref ; o
- - 2
bror™Vn/KpSs Xgoaqe= 110 5 for 0, =1%1072 for §, =0.25 for

G, =1.0 for Fe, =5%10"2 for P, =2%10"2 for Si, =1%*10"2 for Mn ).
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(f) pp=0.05 atm

(e) Pp=1.0 atm
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(g) pT=1O.O atm
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The interfacial activity of oxygen continuously increases
until the end of powder feeding. The powder consists of
0.3 Ca0-0.3Fe0-0.4 CaF, (in mole fractions).

‘ ' The results
are summarised in Table 3-6.

The effect of the powder feeding rate on de-P/de-S was
studied briefly. Two conditions for powder feeding rate were
chosen. (see Table 3-7). Figs. 3-13 and 3-14 are for powder
feeding rates of 0.257g/s and 0.900 g/s respectively.

The effect of this rate on de-P/de-S was comprehensively
studied by Ohguchi [10]. In the case of the higher feeding
rate, a time lag of de-P does not occur.



Table 3-5 Effect of the gas phase on de-P/de-8 from
carbon saturated iron at 1350° G, - Table 3-6 Effect of the total pressure pgp on dé-P/de—S.

( mole fraction )

Carbon losses

( mole fraction )

t=0 £=990 o Carbon losses
no gas (DATA2-1) | 0.20 0.1955 t=0 s t=1050 s
., =10 at 0.20 0.1992
reducing (DATA3-1)| 0.20 0.1955 T (DATao1) ??
oxidising (DATA-4)| 0.20 0.1939 Py =1 atm 0.20 0.1953
(DATA3-1)
de- py =0.05 atm | 0.20 0.1910
t=0 =990 3 (DATA-5)
no gus (DATA2-1) 0.000700 0.000092 de-P/de-S
(0.040ut%) (0.005wt %) = —
t=0 s t=1050 s
reducing (DATA3-1)| 0.000700 0.000091 s 1o 5
P, =10 atm .0007 0.00014
oxidising (DATA-4)| 0.000700 0.000103 r
P | 0.00180 0.000085
de-P pp =1 atm S |0.00070 0.000085
t=0 t=990 s P [0.00180 0.00051
no gas (DATA2-1) ?.00180 ) ?.00044 ) pp =0.05 atm 5|0.00070 0.000013
0.100wt$% 0.024wt%
P{ 0.00180 0.00180
reducing (DATA3-1)]| 0.,00180 0.00045
oxidising (DATA-4)| 0.00180 0.00025 Table 3-7 Two conditions for powder supplying ( rate ).
(0.014ut%) data duration powder supplying total
FeO & FeO1 s rate (kg/s amount
S —— DATA3-1| 700 s 2.57%1074 0.180 kg
L= 12990 o 5 DATA3-2 | 200 s 9.00%1074 0.180 kg
reducing (DATA3-1)| Fe0  6.8%107% 1.35%10"
F601.53.1*10-6 2.55%1074 ~
oxidising (DATA-4)| Fe0 6.8%107% 1,29%107%?
"| reo, g3.1%1078 3.74%1073




powder supplying

1.0

0.6

x/x

x
scale

0 =1#1070 04

S =1*1073

C =0.25

Fe=1.0

P =5%10"3
si=2%10"3 0.2
Mn=1+10"2

(mole fraction)

(a) Metal composition,

Fig.3-13 Evolution of composition in the case of
gas pressure ( Pp=1.0 atm; DATA-3-1, t“stlb

tref

standard

ref’

=Vn/kms vhere Vn=volume of the metal phase,

km=maaa transfer coefficient in the metal phase,

S=in

terfacial area ).

Xyg (mole fraction)

1.0

0.6

(b) Evolution of oxide in the slag phase.

powder supplying

-~
N



Wi2) (g )

powder supplying powder supplying

200 T T T Y 1,0 Y T Y
180} / R ]
/ ) :
!l |
160t powder /| 1 - 0.8 : 7
supplying , | A |
140_ line / ‘ 4 2 - | N
/ | * |
120 | i o | 0.6 ! 4
/ I “ I
l \h |
100} | ] e | 4
I = I
| |
80t weighi of T 0.4 : I
the slag |
60 phase | J | i
| |
! |
40 : d 0.2 : ..
| I
| I i
20 | 7 i |
' :
O [ 1 i ' 1 0 1 i 1 1
0 ! R 3 4 0 1 2 3 4
3 3
t
(c) Change of slag weight with time. (d) Change of the flux density

of metal reduced at the slag/
gas interface,

gL



a(1,2,3)/1.68*10’4

1.0

0.6

D. 4

(e)

powder supplying

— . — ———— ——— A — — —— ——— — ——— —— — — o — —

Interfacial activity of
oxygen at the slag/gas
inteeface,

-3

a(2,2,3)/1.38%10

0.4

(f)

0.6

powder supplying

Interfacial activity of
sulphur at the slag/gas
interface.

7L



X
scale

S =0.001
C =0.25
Fe=1.0

P =0.005
Si=0.002
Mn=0.01
( m.f. )

powder
supplying ( 180g/200s )

scale
®

x/x

3
t =t/t

y

ref ref=vm/kmS

Fig. 3-14 Evolution of metal composition in the case

of higher powder supplying rate ( DATA-3-2 ).

75



76

3-3-2 Decopperising and detinning (de-Cu/de-Sn) from carbon saturated

iron and steel.

Simulation of de—Cu)de-Sn from pig iron/steel was made using
both the full model and the steady state model. The following
thermodynamic data were used:

Calculated results for the relation between mole fraction and
activity of sulphide and the change of Gibbs free energy are
explained in Appendix -5 and -6 respectively. In the simulated
results in this section, activity coefficients of sulphides are
set unity unless otherwise stated. These activity coefficients
are to be estimated after experimental work. Results predicted by
the steady state model are summarised below:

1) Comparison of the results between the full model and the
steady state model. '
A fraction of copper removed , Neu? from carbon saturated ireon
by NaSy.s -FeS mixed slag is calculated by these two models
individually. The results and computing conditions in detail
are shown in Fig. 3-15. The results of the full model are the
values at t = 18 minutes which represents approximately the
steady state conditions in this model. The two sets of predictions
agree well, although the full model predicts slightly higher
copper removal than the steady state model, especially in the smaller
oneS region. YEeS influences copper removal through S released
by FeS. In the case YFes = 0.1, the results predicted by two models
also agree well. nSU is approximately 70% except in the lower
XOFeS region, say XFas < 0.10. This value agrees well with the
experimentsl results of Liu [41], except in the Tower xges region.

2) Effect of Na vaporisation at the metal/slag interface on copper
and tin removal.
In Figs. 3-16 and 3-17 the relation between the fraction of Na

- o e

vaporised, o, and ey aan;‘n if,EEQYE;> Na vaporization affects
the results significantly in the Tower Xges region, say xges

- € 0.3 according to Fig. 3-20(a). In the case of pure NaSy.s slag,
the effect of o on "cu and o is larger than in the case of 80 wt%

NaSo.s - 20 wt% FeS mixed slag.
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O calculated result by the steady state model

dk calculated result by the full model
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Computing conditions.
1) activity coefficients of sulphide are unity
2) slag=450g ( NaSO 5-FeS mixture )
metal=300030( carbon saturated iron with
0 -
xcu=0.01. xsn=0.002 and xgzo )
3) no Na vaporization allowed
Fig.3-~15 Comparison of the calculated results by the full
and steady state model.
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Fig.3-16,17 Effect of Na vaporization at the metal/

slag interface on de-Cu ( ISO=O.190,
carbon saturated iron at 1250° C,

0 0
Xcu 0.01.xs=0 ).
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(a) Constanthp-contour.

Fig.3-18 Relation between CUP nndlzo (@ denotes
ratio of weight of the slag to metal phase,
denotes ratio of moles of the slag to metal
phase and superscript O denotes an initial
value ),

0
Xpes (mole fraction)

(b) Constant ﬂo-contour .

8L



(%)

100 —T T T T T Y T T

xges (mole fraction)

(Y: fraction of Na vaporised

(2) nCu'

Fig.3-19 Effect of slag composition ( Naso.5—
FeS mixed slag ) on de-Cu ( constant
o-contour ) from carbon saturated iron
at 1250° C ( predicted by the steady state
model ).

10 T T T T T T T T T
4/)
.‘(3.—
1072} .
10—3 1 ' 1 i 1 i 1 1 I
0 0.5 1.0
Na$S FeS

xges {(mole fraction)

'
(b) Distribution coefficient of Cu, Lcu

defined by mole fractions ( I}0=0.19 ).

6L



xg (mole fraction)

1074

1072

10‘6

10”7

10-8

ﬁ°=o.048

BC-0.095
ﬁ°=o.19o

Il A

NaSy 5

(c) Sulphur concentration in the metal phase.

0.5

xges (mole fraction)

Xpag (mole fraction)

xges (mole fraction)

(d) xp g V8 Xoes (l}°=o.19o ).

08



wC=0.15, 1250° ¢
T 1 L3 L 4

10 =T T Y T T
- o
- j// &=0.2 4
—~ b~ . ._J\J -
: I’o—- g D
3 & .
O 0
I~ 5
- Q=0 .
(¢ 1 TR | 1 n 1 11 1
0 0.5 1.0
NaSO.5 o FeS

XpeS (mole fraction)

denotes the fraction of Na vaporised

0
(2) s va Ty

Fig.3-20 Effect of slag composition { NaSO.s-FeS
nixed slag ) on de-Cu from carbon saturated
iron ( predicted by the steady state model,
X}es=0.1, ¥;1 for all other sulphides,
metal=3000g,slag=450g ).
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Effect of activity coefficient of .tin fSn on .tin removal.

fSn is dependent mainly on the composition of the metal phase.

In the case of carbon saturated iron, fSn could be'1.7 according
to the report of Schenck et al [32].

) Nen decreased with decreasing
fSn .
Effect of slag composition (binary mixture of NaSy.s and FeS) on
copper and tin removal with constant w® or constant g°.
Where w denotes weight ratio of the slag phase to the metal phase.
Superscript O denotes the initial condition and g denotes molar
ratio of the slag phase to the metal phase.
The relation between ® and g° is explained in Table 3-8 and in
Fig. 3-18. The results of the effect of xges On np s Ngpns Xgo
Léu’ L%n and Xpag are shown in Fig. 3-19 at constant B~ values
and in Fig. 3-20 at constant. «® values.
- In Fig. 3-19(a), n., has a maximum value when xges ~ 0.6 - 0.7

with g° = 0.095.

- General trend is that e
o u

FeS®

- Na vaporization at the metal/slag interface has a significant

L

. ) . 0
effect on New® %52 and LCu in the Tower Xpeg Fegion, say Xc.e

L s,

cu® , and XE

S increase

» Ngp> Xso e

with increasing x

< 0.3.
- 1f 80 is kept constant, w® increases with increasing x
the NaSy.s = FeS system.

[o] N
FeS mn

. 0o . ) _
= Xpag 18 less than Xpag 1N all ranggs of XEas when o = 0.

Fes region.

in the Tow x°

- when a > 0, XEes is greater than x FeS

Effect of 8° on copper removal.
cu increases with increasing Bo, as shown in Fig. 3-19,

Comparison between carbon saturated iron and steel.

Results for steel are shown in Fig. 3-21 and a comparison between
carbon saturated iron and steel is drawn in Fig. 3-22. Essential
differences of conditions for these two types of melts are carbon
content and temperature. -
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slag )

3) no Na vaporization allowed

4) calculated by the steady state model

Fig.3-22 Comparison between carbon saturated iron
and steel ( de-Cu using Nas, 5—FeS mixed
slag ).
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= In the case of steel ~ 30% and in the case of carbon

n
> Cu
saturated iron, ey ™ 70% except in the lower xges region.

- The distribution coefficient of Cu :

|
LCu
1

Loy ~ 10-80 for carbon saturated iron

- S pick-up in the metal phase is larger in steel than in carbon

~ 1-10 for steel

saturated iron.
Results predicted by the full model are summarised below:

1) Effect of slag composition binary mixture of NaS,.s and FeS
on copper and tin removal from carbon saturated iron.
The results are shown in Figs. 3-23, 24 and 25(a) - (d) with
xges increasing from 0 to 0.67.

- Significant change of composition finishes at approximately
t* ~ 3 in the dimensionless time (approximately 11 minutes).
- C is an inert element in these computing conditions.
Change of xé, means change of the total moles in the metal phase.
= Ngp increases with increasing XgeS but "y has a maximum value
around x2,c = 0.33. This also shown in Fig. 3-15.

- As the initial S content is very low, e.g. xa =1 x 1078, Xg
increases very quickly with time. The rate of this sulphurisation
increases with increasing xges . ‘

- XCuSO.s increases with increasing xgeS' Slag weighf at t* = 5.9
decreases with increasing xgeo.

- Fe0 in the initial slag phase, xges = 0.001, is reduced by NaSo.s,

producing NaQg.s

2) Effect of Na vaporization at the meté]/s]ag interface on copper
and tin removal. |
The results are shown in Figs. 3-23, 24, 25(b) (by) and in
Fig. 3-26. | |

- The change of weight in each phase is shown in Table 3-9.

- In the case (bi), XNaSo. s
Xpe increases in the earlier stage and later (after t* = 1.5)

decreases almost linearly with time.

xFe decreases.
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Fig.3-23 Change of composition of the metal phase with time
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Fig.3-2, Change of composition of the slag phase

simulation conditions
are same as those of Fig.3-23 ).
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-~ The interfacial activity of sulphur (a at the metal/slag
interface) has a larger value in case (b ) than in case (b).
In case (b), aS decreases with time. On the other hand, aj
increases with time in case (b;).

- X decreases with time.

3) Comparisons between carbon saturated iron and steel.

The results are shown in Figs. 3-23, 24 and 25 (b) (e).

- S pick-up in the metal phase is larger in the case of steel
than in the case of carbon saturated iron.

4) Effect of activity coefficient of iron sulphide Yrag ON Copper
and tin removal from carbon saturated iron.

The results are shown in Figs. 3-23, 24 and 25(b) (b,)

- S pick-up in the metal phase is larger in case Yres = 1(b)
than Yras = 0.1 (b,).

5) Change of weight of each phase.

The results are shown in Figs.3-27.

- 3.4g of initial 450g NaS,.s has been transferred from the
slag phase to the gas phase until t = 3400 sec. (at 1350°C).

At t = 870 sec., the f]ux dens1ty of NaSq.s at the gas/s]ag inter-
face is 6.5 x 10~ mol//m s (interfacial area is 5 x 10" o ).

- In the case where a mechanism of Na vaporization at the metal/
slag interface is included, the change of weight of each phase
enhanced.

- With increasing xgeS’ gain of the metal weight increases. In the
case of steel, the loss of slag weight is larger than in the
case of carbon saturated iron.

6) Effect of initial sulphur content xg on copper and tin removal.

The results are shown in Fig. 3-27. '

" Ney and sp increase with increasing xg

- FeS addition to the initial slag he1ps copper and tin removal.
It is equivalent to an increased xs.

- Neutral slag is slightly less effective than NaS,.s slag.
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1) Comparison between the full model and the steady state model.

The characteristics of these two models are compared in Table 3-10.
In cases where oxygen activity and evaporation of elements are not
important, these two models provide equivalent solutions. In Fig. 3-15,
ey predicted by the full model is slightly larger than that by the
steady state model. This is because the initial slag compositions are
slightly different. The small amount of Fe0 (xgeO = 0.001) used in the
full model causes a slight difference in ey NaSo.s is oxidised to
NaOy.s and S is released. This S causes copper removal. There are two
ways for NaSq.s to supply S. One is Na vaporization and another is
oxidation of NaS,.s .

2) Effect of Na vaporization at the metal/slag interface on copper and
tin removal. |
This effect is significant in the lower Xges region. S, forming
CuSg.s and SnS, is provided by NaSe.s, FeS and initial sulphur content
in the metal phase. Initial sulphur content in the metal phasgigéro.
Particularly in the case of pure NaSo.s slag, the distribution coefficient
of copper LEu is

Léu ~ 0.1 assuming no Na vaporisation

&u ~o16 assumihg 20% of Na vaporised at the metal/slag

interface (o = 0.2).

The reported value [18] of the distribution coefficient, LCu’ defined
by the ratio of weight % in the slag and metal is approximately 7.4 under
these conditions. This value can be transformed to the same definition
as the present work (ratio of mole fractions) LCu = 7.4 is equivalent
to Lhu = 6.1. It is not possible to explain the reported values for LCu
without assuming Na vaporization. When the Na vaporization mechanism is
included, the activity of sulphur at the metal/slag interface increases
with time. This interfacial sulphur activity is higher than the bulk
activity. It causes the sulphur flux from the interface to the metal phase,
leading to the high sulphur content.

L
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In the initial stage, sulphur is supplied by both FeS and NaS,.s
and is consumed by CuSy., and SnS formatidn; “Afterwards, at about t*
2> 1.5, Cu does not continue to react with sulphur to any extent and
excess sulphur, released by NaS,.s decomposition, reacts with Fe,
forming FeS. In this stage, Fe transport from the metal phase to the
slag phase occurs. This causes Fe loss from the metal phase.
There is also further sulphur pick-up in the metal phase. These
deleterious phenomena can be avoided by terminating argon bubbling
after a given period, say t* ~ 3 and/or by deslagging.

3) Loss of NaSy.s weight by escape into the gas phase.

NaSo.s decomposes into the Na and S. The sodium and sulphur are
vaporised from the slag/gas interface and sodium can react with oxygen
in the gas phase.

In the case of NaSy.s slag, decomposition of NaSy.s is significant
under the elevated temperature conditions. The experimental data measured
by Topkaya [18] and the predicted result by the model in this work are
compared in Fig. 3-27. According to Topkaya's data, the rate of loss
of NaS,.s is approximately proportional to the interfacial area,

Mass transfer coefficient in the gas phase can be roughly estimated
for Topkaya's data with mean vapour pressure p "N and pSa which are
predicted by the model in the present work

'E (Topkaya's experiment) ~ 2.9x16" [m/s]. This is fairly good
agreement w1th the value used in the model in the present work.

(kg 2 x 107 m/s)

4) Effect of slag composition on copper and tin removal.
Because of FeS decomposition into Fe and S, the sulphur content in
the metal phase increases. With increasing xges at constant g° (or mo)

this is favourable to copper and tin removal, but the slag weight decreases.

Therefore, there is a max1mum value of Noy» 35 is shown in Figs. 3-15 and
3-19. With constant «° s x2
Addition of FeS in the slag helps copper removal. Small addition of

Fes ~ 0.33 gives a maximum value for ey

FeS suppresses Fe transport from the metal phase to the slag phase.
Sufficient addition causes Fe transport from the slag phase to the metal
phase. Accuracy of prediction depends on the reliability of thermodynamic
data, especially on activity coefficients of compounds in the slag.

[,
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Table 3-9 Weight of each phase ( effect of Na
vaporization ).

without Na with Na
vaporization vaporization
gas phase increase increase
0.8¢g 41.6¢
slag phase W =445.2¢ W =431.8g
(initially (-4.8g) (-18.2g)
450g )
metal phase W =3004.0g Wm=2976.6g
(initially (+4.0g) (-23.4g)
3000g )
remarks no argon bubbling| argon bubbling

22N1/min

(,*7 )
5
1
A

and full model ).

Table 3-10 Comparison of two models ( the steady state

Steady state
model

Full model

phuses
involved

metal/slag/gas
gas phase is
involved through
Ha vaporization,

metal/slag/gas

key variable

sulphur activity

interfacial
sulphur and

oxygen activity

at each inter-
faces ( metal/slag,
slag/gas, metal/
gas, metal/bubble )

time evolutionjno ( steady unsteady state,
state ) the rate of reaction
is controlled by
mass transfer in the
films both side of
interfaces
governing chemical chemical equilibria
equations equilibria at interfaces, flux
and mass density continuity
balance and mass balance
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‘5)  Effect of initial sulphur content xg

If there is a sufficient amount of sulphur in the metal, the slag
phase composition is not important as long as there is sufficient

on copper and tin removal.

capacity for absorption of CuSy.s and SnS.

6) Comparison between steel and carbon saturated iron.
Under the conditions described in Table 3-8,

(”Cu) stee] © 30%

(”Cu) carbon saturated iron " /0%

This difference is mainly due to the different activity coefficients
of Cu. Distribution coefficient for copper is defined by the equation (3—44)‘
which is produced below:

XCuSq.s

X
Cu YCUSO-S

According to {Fe} + [S] = {FeS} equilibrium
1

Y -
X = = FeS + Xpas / Xpe (3-80)
Fe Yrer Ts
Substituting x, in the equation (3-50) by the equation (3-80)
xCuSO.s = KCu . fCu . Yées (xFeS)é
Y
XCU KFe X
YCUSo.s YFe Fe
K 3 0 _
v YEes “(Xres )P . f,, (381
3 3 0
K Y Y X
Fe CUSO' S Fe Fe

putting the data for each case into the equation (3-81),



Table 3-8 Simulation conditions for de-Cu/de-Sn ( by caibont . steel
saturate
the steady state model ). iron
PFeS 1.0 1.0
carbon steel . 1.0 1.0
saturated VCU50.5
i
ron YSns 1.0 1.0
1) Initial Plias 1.0 1.0
composition 0.5
mole fraction) 4) Temperature 1250° C 1600° C
Fe 0.80 0.983
i L
Cu 0.01 0.01 ) I“itlui Ti ?i |
Sn 0.002 0.002 welgh g n
Na 1#10~8 1%10~8 moles (mol}) M,
c 0.188 0.005 6) Initial slag w e
s 0 0 eight (kg)|  W°
FeS %0 x2 wetght (kg s 0.0/0
e FeS FeS 0 /3 s'm
0 0 moles (mol) Mg
NBSO.ﬁ l‘xFeS 1'xFeS
CuSo.5 0] 0
Sns 0 Y Q 0
Note : Relation between¢y and is derived below.
2) Gibbs free energ{ 1) Wolecular weight M (kg/mol). e.g. Mp,=0.056,
change (cal/mol ’ M =0.,039, M =0.088
0 NaSO 5 FeS
Fe t+ S = FeS G =810-4.31T .
0
Cu + ; S = CuSO.5 G =-9660-1.61T 2) Initial slag composition.
0_ NaS : 1-x0
=5 = =680-3.
Sn ? ‘ SnS 20 66 2(3)04/102 sor 0.5 ° | Fes NaS, ;-FeS mixed slag.
Na + ) S = NaSO.5 0—— 4 +10. FeS P Xpeg
Na = Na a%=-6780-18.117T 3) Relation Lotwoen WO and MO,
0
3) Activity My (M) =W
coefficient 085 o 4) Relution botueen go and 10,
g: 2.40 1.0 1O s Wias, =%k, s)mh(.xF 5)=Ho .
sn 1.7 1.0 5) Relution bot\u.anwu undﬁ S
. .0 0; 0O 0
Na 1 01 : ° w  (Hx M)/(MN S (1 x es) MpagX pes)
C 4ok * 6) The results are shown 1n Fig 3-6.
3.36 1.0
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. . )
XCuSo.s / Xey = 20 for carbon saturated iron at 1250°C,

o _
XFas = 0.1

: _ 0 o _
xCuSo.s / Xey = 3.8 for steel at 1600°C, XEas = 0.1

In order to increase the distribution coefficient, it is the most
sensible to decrease TCuS,. s by choosing adequate slag composition.
0 :

3-3-3 Cr-slag cleaning

The Cr-slag reduction by carbon was simulated by the full model.
A11 the necessary thermo-dynamic data on Cr alloys are not available.
For simplicity, all activity coefficients are assumed to be unity.
In the experimental work carried out by Taneka [57], Cr-slag is
continuously added with carbon into a graphite crucible and is melted

by a plasma. In the full model, the mechanism for reduction of Cr-slag
is:

i) Cr-slag reduction by carbon in the metal phase at the metal/
slag interface.

Carbon is assumed to be supplied by erosion of the graphite
crucible.

ii) Cr-slag reduction by CO gas at the slag/gas interface.

Rate phenomena can be determined from three parameters.

. 2
i) Mass transfer rate constant for CO evolution, GCO [mol/m s].

ii) Mass transfer coefficient in the metal km [m/s], which can be
used to infer mass transfer coefficients in other phases.

iii) Cr-slag feed rate, MPON [kg/s]
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Temperétures can affect the rate phenomena through driving force
terms which are relevant to interfacial chemical equilibria.

1) The effecflof Gog was studigd by va;ying it from 3 x 107
to 3 x 107 . Gep = 3 x 100 [mol/m s] was chosen because it
was used in the case of de-P/de-S from carbon saturated iron
by Ohguchi [10].

The effect of G, on reduction of Crslagwas summarised in Fig. 3-28.
CO flux is expressed by (CO flux) = S. Gep - (PCO/pT - 1) [mol ./s].
Reduction rate of Cr-slag can be enhanced by increasing the product

co-
2) The effect of km. The same values of the mass transfer coefficients
for all phases as used by Ohguchi were chosen [10]. These values

were multiplied by a factor ( and tested by checking the behaviour
of the model for various values of [

S. G

j.e. base data

_h b

km =4 x 10 [m/s] km =4 x 10 g [m/s]
_u b

km =2x 10 [m/s1 _, kS =2x 10 { [m/s]
=2 -2

kg =2 x 107 [m/s] kg = 2% 10 { [m/s]

The effect of Q is summarised in Fig. 3-29.

The rate of the metal weight increase is controlled by CO transport
under the conditions investigated.

3) Cr-slag feed rate, MPON [kg/s].

Simulating conditions are summarised in Table 3-11. In all cases,
Cr-slag was supplied for 30 minutes at a rate varying from 5 kg/hr
to 20 kg/hr. The results are shown in Fig. 3-30. Excess feed
simply causes piling up of slag mass.
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anount of carbon consumed (kg)
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100

Table 3-11 Simulation conditions for Cr-slag cleaning.

1) Configuration.

130nm

graphite crucible

2) Initial conditions.
netal ( 1kg ) —----

3) Cr-slag supplying rate

4) Cr-slag composition —--

wth mole fraction
Cr 67.9 0.5112
Fe 21.0 0.1469
c 10.0 0.3264
Si 1.0 0.0140 -4
Mg | 0.020 [3.254107%
‘Al | 0.020 |2.90%10”
Mn 0.10 7.05%#10
= 5-20 kg/s.
wtd mole fraction
GrO1~5 57.0 0.472
FeO 14.3 0,125 °
5102 3.4 0.036
A101.5 9.1 0.112
Mg 16.2 0.255

5) Cases of simulation.
Temperature ( 1650, 1750 and 1850° C )
Mass transfer coefficient

co

k
k
k

1 u o

m v B

(2]

4*107 241074
2%1073_2x1074

2%10" 1_2%107%
G. = 3%10" 1341072 wol/m?
0= - ]

n/s
n/s
m/s

LOL
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~4) The effect of temperature. .
(Cr]l + 1.5 [0] AG° = 95270-22.8T [cal/mol ] (3-82)

{(;Y'Ol.s 1

[C] + [0] = (CO) aG® = 4740-225T [cal/mol 1] (3-83)
Combining the two equations, one can obtain a equation for over-all
reaction,

{Cr0;.s } + 1.5 [C] = [Cr] + 1.5 (C0) aG° = 88160 = 56.6T [cal/mol ]

(3-94)
The higher the temperature, the more favourable the conditions are
for Cr-slag reduction. The results are shown in Fig. 3-31.

As is shown in Fig. 3-31(b), metal compositions depend on the temperature.
The higher temperature, the higher concentration of Cr in the metal phase.
Fe content increases with decreasing temperature under the constant carbon
concentration in the metal phase.

5) Sites for reduction of Cr-slag.

There are two flux densities of Cr metal created by reduction of
Cr0;.s. There are those at the slag/metal and at the slag/gas
interfaces. They are compared in Fig. 3-32. Flux density of Cr
metal at the metal/slag interface is dominant in the wide range
of conditions which supposedly include the experimental conditions
used by Taneka [57].

Flux densities of species at the metal/slag and slag/gas interface are
shown in Fig. 3-32 (b) and (c) respectively. Fe0 flux density at the metal/
slag interface does not change so much as that of Cr0;.s with changing
temperature.

At the slag/gas interface, metallic Mg vaporises under the higher
temperature condition.
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the slag/gas interface.

the metal/slag interface.
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CHAPTER-4

PHYSICAL MODELLING

4-1 Experimental techniques

In this work, the physical mixing of the particle that is
supplied on the surface of the liquid is investigated in the
mechanical stirrer-water-floating particle system. Some observations
have been made in the mechanical stirrer-molten lead-floating particle
system.

In the case of molten iron, an alumina crucible was used as
a container. In the water model and the lead model, a pyrex beaker
and an alumina crucible were used respectively. The dimensions of
these vessels are shown in Fig. 4-1. The experimental set-up for
each system is shown in Fig. 4-2.

Quantitative observations were made on the water model; qualitative
observations on the lead model were made employing close to optimum
conditions derived from the water model.

The dimensions of the water model were selected to be as close
to values in case (a) in Fig. 4-1 as possible. The effect of vessel
diameter was negligible comparing the results of two vessels whose
diameters were 76mm and 95mm.

The effects of the following parameters on the critical rate of*
rotation were investigated :

(1) the stirrer profile : five types of stirrer profiTe were
chosen. They are shown in Fig. 4-3.

i) diameter of the stirrer ....... (A), (D), (E).
ii) height of the stirrer ......... Fig. 4-5,
iii) pitch of the blade ............ (A), (B).

jv) efficiency of sweeping out the liquid ....(A), (C).
The stirrer sweeps out the Tiquid as shown in Fig. 4-4,
ideally. Practically, as the liquid is also rotating,
the relative revolution rate between the stirrer and the
liquid determines the sweeping rate of the liquid.
It depends also on the shape of the stirrer.

* The critical revolution rate is defined as rate at which a particle
placed on the surface of the 1iquid was drawn down into the liquid.
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(a) Molten iron
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( manm )
alumina pyrex
crucible glass

3800¢g 70 320¢g G
lead water
78 76(95)

{b) Molten lead

(c) Water

Fig.4-1 Dimensional comparison of three systenms

digital rev-counter

geard notor

thermal insulator
pyrex glass

alminium
. thermo couple
stirrer :
o—alunina crucible
rota- refractory cement
meter
molten lead
] ( 3800g )
induction coil
argon gas 78

(2-6 N1/win )

(a) Lead model

digital rev-counter

geared motor

/,/’aluminium stirrer

Ae

m,/'pyrex beaker

'L’:/ water ( 320g ) i

76

(b) Water model

(am)

Fig.4-2 Schematic view of the lead and water model
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(2) the position of the stirrer

i) horizontal position ..... § in Fig. 4-5.
ii) vertical position ....... hy in Fig. 4-5,
The depth below the surface is given by h1 = H-h,- h;.

(3) others
i) baffles ..... qualitative observation.
ii) combination of the stirrer and gas injection .....
qualitative observation.
iii) diameter of the vessel ..... basically

D = 76mm is used, comparison is between D = 76mm and 95mm.

The surface profile of the liquid, the surface rotation velocity
and the critical rate were measured under the various stirring
conditions.

Two values, e.g. Hmin and Hmax in Fig. 4-5 were measured as the
representative quantities for the surface profile. The surface
rotation velocity was measured by tracing one point on the surface.
The critical revolution rate was measured by a digital revolution
counter. This rate was determined by the following procedures:

1) increasing the revolution rate gradually.

2) gently pushing down the particles beneath the surface
of the Tiquid in order to get rid of the effect of the
surface tension on the entrainment.

3) reading the value displayed on the revolution counter just
at the time when particle entrainment commences. This value

~ was used as the critical revolution rate.

4) further increasing the revolution rate until all particles
are fully entrained.

5) decreasing the revolution rate gradué]]y. ‘

6) reading the value displayed at the time when the particles
cease to be entrained.
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Fig.4-3 Stirrer profiles ( stirrer' name (A)-(E) ).

Fig.4-4 Liquid swept out by the stirrer,
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Fig.4-5 Dimensions of a mechanical stirring systen.
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The range of Reynolds numbers investigated is shown in
There are three regions. The critical values for

Fig. 4-6.
each region are quoted from the Chemical Engineer's Handboo

1)

kL7,

Laminar region..... Re <~ 10

y
2) Transient region ..10 < Re < 10

L
3) Turbulent region ..10 < Re

4-2 Results

1)

2)

Effect of the profile of the stirrer on particle entrainment

The results are summarised in Table 4-1.

i)

i)

1i1)

The results of stirrer (B) were not significantly
different from those of stirrer (A). The pitch

did not have any effect. But the results of stirrer
(B) were different from the fully inclined-blade
stirrer (see Fig. 4-7).

The diameter of the stirrer affected the results.
Compare (A) with (D) and (E).

The tangential cross sectional shape of the stirrer
affected the results to some extent. Compare (A) with
(C) (see Fig. 4-8).

"Effect of the horizontal position of the stirrer on

particle entrainment.

The results are shown in Fig. 4-9.

i)

ii)

At a lower revolution rate (~ 300 r.p.m.) the deviation
of the centre of the stirrer from the centre of the
vessel, 6, did not affect the A-value.

At a higher revolution rate, say ~ 700 r.p.m., §
affected A significantly. In the region 0 < 6 < 5mm,
there was no significant change in A. At § ~ 8mm,
which was observed by continuous change of &, the value
of A changes dramatically.



Téble 4-1 Characteristics of various stirrere.

(mm)
(A) (B) (C) (D) (E)
e gy | . HH- 8 1‘ )
Ag :
4 DN 4 IR N N . —_ __f.____v S . -
’A 1]
gl 2 o g g ' il PO | s
80 I IZ|c . ]
"y h hy 60 | h, ~ hg
hy| 20 30 40 20 20 20 (0)  20(19) | =20 40 ()="§
150(75/65 74/60 74/60 | 75/60 ' 73/68 70/10 70/70 70/70 70/70
. 300(84/30 82/38 82/32 | 83/38 78/50 70/70 70/70 74/65 74/55 Hnax/Hosin
1.p.m.500 105/5 104/15 98/25 105/8 94/19 71/68 70/70 78/30 77/43
1360 » 74/52 70/70
- (0) (19) (0) (19) ()=98
ha<5 | Ng,.=297 292 | 348 1200 1286 515 700
m =20 - 204 347 1030 = - 397 635 Ney r.pm.
=40 280 278 374 - 1276 308 400
remarks |1) in the case of a larger beaker: ( h3=20mm,‘5=0mm ) 2) particle used for N, measurement Vy=21cms
N H JH polystyrene particle.
FePeMe Hnax/ min |
150 77 /65 %qi o
300 85 /35 Sdb
500 105/12 )
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Fig.4-7 Shape of stirrers with piteh,
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Fig.4-9 Surface profile in the case of

Fig.4-8 Cross:sections of stirrers (A) and (C). :
off-centre stirripg
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5)
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iii) As shown in Table 4-1, the critical revolution
rate increased with increasing §.

iv) The semi-quantitative results of the observations
are shown in Fig. 4-10.

Effect of the vertical position of the stirrer on particle

entrainment.
The results are shown in Fig. 4-11.
i) For the stirrer (E) in Table 4-1, the deeper stirring

required a higher revolution rate for particle entrainment.

ii) For the stirrer (E), the surface profile was flattened
to some extent by increasing the depth of the stirrer
at N = 500 r.p.m.

iii) For the stirrer (A), the surface profile was not flattened.
A value was increased by increasing the depth of the
stirrer at N = 500 r.p.m.

Effect of the baffle on the surface profile.

The results of qualitative observation are depicted in
Fig. 4-12. '

Effect of the diameter of the vessel on the surface profile.

The quantitative results are shown in Table 4-1.

Comparing D = 76mm (d/D = 60/76 = 0.79) with D = 95mm
(d/D = 60/95 = 0.63), there was no significant difference in
the surface profile of the Tiquid.

(cf. for the stirrer (E) d/D
for the stirrer (D) d/D

30/76
20/76

0.39,
0.26.)
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density=300 kg/m”, contact angle 30deg, terminal
velosity in waters 0.09 cm/s ).

Fig.4~-10 Observation of off centre stirring.

: Hydrophobic hollowglass

size=4,5-90 um, density=300 kg/m .
contact angle- 90deg, terminal
velosity in water=0.09 cm/s .

Fig.4-10 (c) Observation of off centre stirring ( behaviour
hydrophobic powder ).
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6) Effect of the combination of stirrer and gas injection on
the results.

Only qualitative observations were made on the surface
profile and behaviour of bubbles, as shown in Fig. 4-13.
At the higher revolution rate (> ~ 450 r.p.m.), the bubbles
were greatly affected by the rotating motion of the stirrer
and rose in a helical path close to the stirrer shaft.

7) The results of the lead model.

The temperature of the molten lead was carefully controlled
to maintain its vapour pressure well under the poisonous level.
(TLV Pb 0.2 mg/m® ; 500°C).

i) In the case of centre-stirring, there was no splashing
of lead. In the case of off-centre or off-perpendicular
stirring, however, there was some splashing (not vigorous).

ii) The surface profile was very sensitive to the horizontal
position of the stirrer. 5-8mm off-centre caused a
complete difference from that of centre stirring.
(vortex flattened-profile).

iii) Because a reducing atmosphere was not used, solid Pb0
formed on the surface. At lower revolution rates than
500 r.p.m., it was not possible to see a fresh metal
surface and the oxide did not rotate, but remained
stationary on the liquid. At higher revolution rates
(~ 700 r.p.m.), the molten lead was stirred virorously
enough to break up the solid oxide layer.

iv) Powder with the properties given below was added to the
surface of the molten lead. '
10g. of glass ballotini (large) + 10g. of glass ballotini

(small) 5
size (um) density (Kg/m ) contact angle
glass ballotini 74 - 150 2450 < 30 deg.
(small)
lass ballotini 420 - 840 2450 < 30 deg.
?large)
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Fig.4-13 ObLservation on combined operations of
a stirrer and gas injection.
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‘The volume ratio of added powder to the molten lead
was approximately 2.4%. At revolution rates below
600 r.p.m., there was no significant powder entrainment.
At revolution rates above 600 r.p.m., say 770-850 r.p.m.,
there was fairly good entrainment and powder was
circulated through the 1liquid.

8) Surface profile measured

The results are plotted in Figs. 4-14 and 4-15

Free vortex in the system investigated had the value of

0.076 for A1/A2 - this value is explained in the next section.
The stirrer (E) in Table 4-1 had a lower A1/A2 - value than
that of the stirrer (A).

for stirrer (E)..... A/~ 0,15
for stirrer (A)..... 8y/8y 2 0.5

4-3 Interpretation and discussion of results

1) Evaluation of the effect of stirrer shape.

The main function of the stirrer was to create effective
downward flow for entraining the particles or powder supplied
on the surface of the liquid. The inclined blade stirrer
created the circulation flow illustrated in Fig. 4-16 (a).
The flat stirrer created the circulation flow illustrated in
Fig. 4-16 (b). Both types provide downward flow in the centre
of the region above the stirrer. The inclined blade stirrer
showed a slightly better entraining performance than the flat
one. The inclined blade stirrer is not, however, attractive
enough to be chosen for the molten iron system, because of
the erosion and complexity in machining.

2) The forced vortex and the free vortex

There are two lTimiting types of motion in the rotating
system of liquid in an axisymmetric cylindrical vessel.
They are the forced vortex and the free vortex drawn in
Fig. 4-17. Surface profiles for each vortex are calculated in
Appendix-1. The results are shown in Fig. 4-18. There are
several fluid dynamic characteristics in these two types of
motion.
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(a) Flow created by a stirrer with inclined blades,

(b) Flow created by a stirrer with flat blades.

Fig.4-16 The flow pattern created by stirrers,
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Fig.4-17 Surface profile of rotating liquid
in the cylindrical vessel,
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-

|
1) the velocity distribution. \ i
|

It is drawn in Fig. 4-19(b) by equations (A1-1)

and (A1-9). In the case of the forced vortex, !
the velocity is proportional to the radius. i
It means that all liquid rotates around the z-axis /
at the same revolution rate.

ii) the surface profile of the fluid.
The A1/A2 value does not necessarily determine one
particular surface profile, but this parameter is a
fairly good index for roughly understanding the
surface profile. Typical surface profiles and their
A-1/A2 values are drawn in Fig. 4-14. In the case of
the forced vortex, the A1/A2 - value is 1.0. In the
case of the free vortex, the A1/A2 value is 0.076,
depending on the dimensions of the system. Other
typical profiles have the A1/A2 values between that
of the forced vortex and that of the free vortex.
The A-value is drawn in Fig. 4-19(a).

3) Evaluation of the effect of the diameter of the stirrer

(comparing the stirrers type (A), (D), (E) in Table 4-1)

i) According to Fig. 4-19 (b), the stirrer (A) has the
characteristics of the forced vortex. The stirrers
(D) and (E) have those of the free vortex.

ii) According to Fig. 4-19(a), the surface profile caused
by the stirrer (A) is almost equal to the forced vortex.
That caused by the stirrer (E) is almost equal to the
free vortex for revolution rates less than ~ 300 r.p.m.
In the region of the higher revo1ution'rate, the A
value is greater than that of a free vortex.

ii1) According to Fig. 4-20 the stirrer (E) was closer to
the stirrer (A) than the stirrer (D) as far as the
entrainment performance was concerned.

In order to obtain the same entrainment performance, the
stirrer (E) required somewhat higher revolution rates than the
stirrer (A), but even in the higher revolution rate the a-
value for the stirrer (E) was much less than that for the
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Fig.4-20 Critical revolution rate of stirrers.
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étirrer (A) mainly because of the different type of
vortex.

Dimensional Analysis

The governing equations for the rotating system of
the fluid are the equation of continuity (4-1) and the
equation of motion (4-2).

v.v=0 (4-1)
P Dv . . v.p + Vav + pg (4-2)
Dt

Using the characteristic ve]ocity'Vb, time to and length

d which denotes the diameter of the stirrer, these equations
are rewritten in the dimensionless terms. The symbol *
denotes dimensionless variables or derivatives.

vV =d.v*

t=1t*, to

to = d/VO’ g *g =4

. UF vk =0 (4-3)
DVE o g B e g e ()
Dt* - Vd 0

If these equations are solved with the appropriate set of the
dimensionless initial and boundary conditions, it is possible
to obtain similar solutions for two different systems which
have different dimensions. Two dimensionless parameters in
equation (4-4), /e and dg are fmportant. These parameters
d V.2
0 0
are known as the following forms:
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Reynolds number Re = -2
H/p (4-5)
TI_Z

Froude number Fr = ‘o (4-6)
dg

e.g. 1in order to set these two dimensionless parameters

exactly the same in the two systems, the following conditions

are required :

Nedi?  Nody

Re : =

Hi/p1 UQ/QZ

Fr : N]_ d1

Ny, = Nz . (dz/dl)%

(4-7)

(4-8)

(4-9)

This- equation (4-9) means that in order to obtain similar

characteristics in a 10 times larger system, the revolution
rate should be chosen 1/ /10 ~ 1/3 of the original system.
The kinematic viscosity in the larger system should be

thirty times greater than that in the original system.

This means that it is impossible to model large scale Tiquid

metal systems on the same scale, since liquid metals have

very low kinematic viscosities.

Re and Fr are summarised for three systems (water, lead,

iron) in Table 4-2.
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Table 4-2 Physical characteristics of systenms.

(1) Water model (2) Lead model  (3) Molten iron | remarks
kinematic 1.13%107° 0.21%107° 1.20%107°
/-300515] (160 C)_é (AOOO c) (13000 9&

2%/s 0.70%#10 0.95%10
(38° ¢) (1550° C)
stirrer 30 30 30
diameter
d nn
revolution 750 750 750
rate
N r.o.m
. 4 4 L
Reynolds 1.0%10 5..%10 0.94*10
aunber
Re
Trcude 0..5 D.48 0.48
nunober

1) Re=(d/1000)%(4/60)/ D

2) F-=(d/1000)(4/50)%/z ;  g=9.3 a/s
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CHAPTER-5

CHEMISTRY AND KINETICS OF DECOPPERISING AND DETINNING FROM CARBON
SATURATED IRON AND STEEL (de-Cu/de-Sn)

5-1 Experimental techniques.

Copper and tin removal from carbon saturated iron and steel
were studied by varying the metal composition, the slag composition,
temperature and bath stirring conditions. The apparatus for
these experiments is shown in Fig. 5-1. This consisted of a vacuum
induction furnace, which was the main item of equipment, an argon
gas bubbling train, equipment for temperature measurement and
sampling equipment. Experimental conditions are shown in Table 5-1.
Characteristics of these conditions are :

(1) The carbon content in the metal phase was less than 0.1 wt?%
for steel and approximately 4.5 wt% for carbon saturated
iron.

(2) Four types of slag were chosen as reagents -

- NaSq.s which was thought to be the best reagent for
copper removal in the small scale experiments.

- NaS,.s-FeS mixtures.

- CaF, - FeS mixtures. The CaF, was added as a neutral
flux to absorb CuSy.s and SnS and the FeS to supply
sulphur.

- CaS{§E§}FeS—FeO reciprocal mixture which is more stable
thanNaS,..at the high temperatures of 'steel making and which
is a common type of slag in industrial processes.

(3) The slag compositions are shown in Table 5-1. The slag weight
was 10% of the metal weight. (The metal weight was 3003g
or 1000g).

(4) Three stirring regimes were used, mechanical stirring argon
gas bubbling and only electromagnetic. In the case of mechanical
stirring, the stirring conditions were selected according to
to the results of the water model experiments, e.g. the
revolution rate of the stirrer was selected so as to be high
enough to entrain the slag supplied onto the surface of the
metal bath.
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Table 5-1 (a) Experimental conditions. RUN CRUCIBLE(Graphite,Alumina)
NUMBER MIXING,METAL
slag\slag metal carbon saturated iron steel
type \composition{mixing no bubbling argon bubbling mechanical argon remarks
stirring bubbling
N&SO.5 1OONaSO 5 1250°C 1250°C0 1250°C BB=bubb}ing
FeS ’ 13 G-3-2° 18 G-6-1 6 G-1-5 Bl=blowing
1043g BB5,1063 BB2,1024
80NaSO 5 1275°C 125000 1225°C 1250°C
_20FeS 3 G-1-2 2 G-1-1 11 G-3-1 |14 G-4-1 .
919g BB2,963 BB2,2880 700r.p.m. revolution
5ONaSO 5 127500 3076g rate r.p.m.
_50%es 4613
BB2,1326 Gilgél
2ONaSO 5 1275°C Seq.no.
—86FeS 5 G-1-4 of crucible
BB2,3019 seq.no,usage
CaF2 EOCaF2 1600° C 1300°C 1600°C 1575° C
FeS _50FeS 25 G-8-3 1 A-1-1 12 A-4-1 20 A-6-1
BB2,2924 700r.p.m. BB2,1017 BL4,2040
Ca$S 37Ca8S T250°C 3006¢g 1590°C
FeS -63FeS 21 G-6-2 7 A-2-1 slag A
BB2,2924 BB2, 1019
FeO 4,0CaS-47FeS 0o é22000 15750 C
-13Fe0 -6-3 8 A-2-2 slag B
n BB2,3141 U e G BB2,1027
,3CaS-29FeS 1250°C Go8—1 1590°C
-28Fe0 19 G-7-1 B§2—3519 9 A-3-1 slag C
n BB2,3048 ure Fes BB2,1020
46CaS-11FeS P 1600° C
-43Fe0 run-24 15 A-5-1 slag D
1250°C BB2,1020
15CaS-39FeS 1255°C G-8-2 1605°C
-46Fe0 17 G-5-1 BB2,3496 16 A-5-2 slag E
BB2,1039 AONaSO 5~ BL4,1021
18CaS -82FeS 1280° ’ 1600° C
10 G-2-1 ,0FeS-20Ca8 | 26 A-7-1 slag F
BB2,1066 BL8,209/ (modified F)




Table 5-1 (b) Analysed results of samples ( de-Cu/de-Sn
from carbon saturated iron/steel ),

RUK

METAL PHASE

SLAG PHASE

HUN METAL PHASE SLAG PHASE
WEIGHT TIME Cu Sn ] WEIGHY
(g) (win)  (ut®) (ut%) (wt$)|(g)

pre-1 | 961 0 ¢.79 U.16 0 60.3(100ut#Nas, )
8 ¢.70 0,17 - *
10 0.65 0,15 -
45 0.58 0,20 -~
70 0.57 0,20 -
80 - - C.04
100 0.54 0.18 -

pre-2{ 813 0 .95 0.19 6 61.5(50wt$FeS-50ut$
42 €.59 0.18 - NuSy o
50 0.5 0.17 - .
€0 G.61 0.18 -
80 0.62 0.15 -
90 - - 0.22
120 0.64 0,17 -
180 0.74 0.12 -

pre-3 | 1225 G 0.706 0.14 0O 60(50wtfFeS-50uty
6 0.54 0.10 0.54 CaF,)
9 0.57 0.11 =
" 0.67 0.10 -
20 0.65 0.10 -
30 0,66 0.09 0,51
35 0.66 0.10 -
45 0.67 0.09 -
60 0.64 0.10 -
80 0.66 0,09 -
91 0.66 0,10 -
100 0.63 0.08 0.47
120 0.66 0.09 -

pre-4 | 1168 0 1.03 0,16 © 180(50wtfFeS-50utd
26 - - 1.06 CaF,)
38 0.82 0.12 -
53 0.79 0.11 -
71 0.74 0.11 -
80 - - 1.23
90 " 0.72 0.11 -
110 0.71 0.10 -

WEIGHT TIME Cu Sn S WEIGHT
(g) (min) (wt#) (wtd) (wtf)}(g)
1 3006 3.5 1,01 0.91 0.34 |301(50wtiFeS-50utd
10 0.99 0.91 - Can)
21 0.95 0.89 -
30 - - 0.99
1.04
1.11
37 0.98 0.89 -
2 963 0 1.05 0.92 0 100(20wt$FeS-80wtd
3 - - 0.042 HaSq o
0.075 .
0.079
5 0.55 0.92 -
10 0.51 0.89 -
30 0.47 0.86 0.03
3 919 0 0.81 0.88 0 92.1(20wtiFeS-80wtd
2.5 0.52 0.90 - NaS
5 - - 0.062 0.5
0.074
0.099
15.5 0.46 0.90 - (0.0586,0.00198,
30 - - 0.1 0.216,0.728,0)
31 0.44 0.89 -
4 1326 0 0.89 0.85 O 133(50ut%FeS-50wt$
5 0.44 0.88 - NaS 5)
9 0.44 8.90 - .
23 9’45 _'88 0.16 (0.0807,0.00321,
53 0.44 0.87 - 0.354,0.562,0)
5 3019 0 0.82 0.82 0 302(80wtiFeS-20wtd
5.5 0.58 0.88 0,32 NaSj
11 0.52 0.87 -~ ’
297 0.56 0.89 -
60 0.52 0.87 0.36 (0.0972,0.00215,
0.38 0.403,0.498,0)
0.45
0.54
6 1024 0 1.09 0.91 0 98.9(100wL%HuSO 5)
1.7  0.99 0.91 - .
3.5 - - 0.084
5 0.5, 0.86 -
12 0.49 0.89 0.009
30 - - 0.019
50 0.52 0.86 -

Lel




RUN

METAL PHASE

SLAG PHASE

WEIGHT TIME Cu Sn walght
(g) (min) (wt#) (wtf) (g)
7 1019 0 - 0.91 O 102(63wtiFeS-37ut?
2.5 1.12 0.88 1.97 Ca8)
6 1.11 0.86 -
20 1.06 0.76 -
30 1.05 0.74 -
40 1.05 0.68 1.88
2.18
2,22
8 1027  -18 1.32 1.07 - 103(4TwtgFeS-14ut}
0 1.27 1.06 0© Feon-39wtzcus)
1 1.23 0.9, -
5 1,15 0.93 -
15 1.12 0.88 2.2}
2.29
2.52
2.6/
25 1.17 0.88 -
30 1.24 0.86 2.12
9 1020 0 1,16 1.16 0 102(29wtiFeS-28ut$
3 1.14 1.12 - Feon-43ut%oas)
7 1.13 1.09 -
12 1.09 1.06 -
15 1.11 1.06 1.83
25 1.11 1.04 -
40 1.10 0.92 -
50 1.08 0.76 1.76
10 1066 0 0.95 0.89 0 106(82wtfFeS-18wtd
1 0.69 0.89 - CaS)
3 0.67 0.88 0,63
10 0.47 0.84 0.52
16 0.46 0.8, -
35 0.44 0.82 0,49
1 2880 0 1.07 0.92 0 274 (20wt$FeS-80wt
4 0.6, 0.88 - NaS, 5o
8 - - 0.033 .
0,042
0.049
9.7 0.58 0.91 -~ ..
21 - - 0,048
0.06),
0.07(
38 0.49 0.89 -
60 0.54 0.86 O
0
0

~J\h

o o e

RUN HETAL PHASE SLAG FHASE
WEIGHT TIME Cu Sn s WEIGHT
(g) (min) (wtf) (wtd) (wtd)| (g)
12 1017 0] 1.41 1.42 0O 102(50utiFeS-50uti
3 1.30 1.22 - CuF,)
5 1.33 1.27 - 2
8 - - 1.59
11 1.13 1.20 -
19 1.30 1.20 -
36 1,02 1.12 1.64
20 2040 -15 - 1.01 - 200(50ut1FeS-50utd
0 - 1.00 0 CuF.)
2 0.98 0.98 - <
5 0.96 0.95 -
10 0.97 0.95 1.42
30 - 0.92 1.06
13 1043 0 0.99 0.88 O 106 (100wt $laS ) )
4 . - 0.099 5
6 0.59 0.86 -
10 0.56 0.90 -
20 0.5, 0.91 0.006
49 0.46 0.90 0.071
0.0
0.09¢
14 3076 0 0.98 0.91 0 301 (20wt IFeS-80wLs
18.3  0.50 0.8, - NaS, )
28 0.50 0.88 - -5
60 0.48 0.90 8'822 (0.0486,0.000455,
0045 0.141.,0.810,0)
15 1020 0 1.29 1.09 0 100(11wtdFeS=43wtd
2.5 1.06 0.94 - FeO -46wiiCasl)
4 1.22 0.98 - n
7 1.18 0.97 1.33
10 1.24 0.97 -
20 1.22 0.95 -
30 1.23 0.91 -
20 1.23 0.86 1.34
16 1021 0 1.27 1.06 0 100(39wtdPeS—46wtl
5 1.22 1.01 1.38 FeO -15utiCuS)
10 1.15 0.93 - n
16 1.24 0.99 -
40 1,29 U.97 1.39

ggl




6€L

KUN METAL PHASE SLAG PHASE U LA iSE )
YggﬁﬂT ?IME) ?u %) %n 1) ? %) YE§GHT WEIGHT TIME : E}Abh S 8 WE:LAu e
min wt wt wt '[ME Su 3n GHT
¢ g (&) (min)  (utf) (utd) (wtd)|(g)
17 1039 0 0.96 0.86 0 100(39wtfFeS-46ut$ — —— -
5 0.83 0.87 - Fe0 -15wtfCas) <5 2427  -10 0.99 0.99 - 250(50wtiFes5-50wtd
6.5 - - 0.57 n 0 1.02 0.99 0 CuF,)
10 0.83 0.89 - 5 0.9, 0.93 1.28
25 - - 0.65 15 0.97 0.91 1.15
35 0.8, 0.82 - 25 0.95 0.89 -
38 - - 0.54 40 0.97 0.89 1.17
60 0.88 0.77 0.34 -
26 2094 0 1.15 0.99 0O 210(6 1wt fFeS-26wt
18 1063 0 1.00 0.83 O 98.6(100wt%NaSO 5) 5 0.90 0.90 - CaF,-13wt#Cas)
5 0.49 0.82 - . 10 0.93 0.89 1.82
9 0.50 0.90 0.007 1.94
14 0.42 0.87 - 2.00
40 0.43 0.87 0.03 2.04
‘ 15 0.88 0.84 -
19 3048 0 0.88 0.91 0 299(29wt{FeS-28utd 20 0.92 0.80 -
2.5 0.83 0.91 0,24 FeO -15wt%Cas) 30 - - 1.78
5 0.82 0.93 - n 40 0.85 0.66 -
10 0.8, 0.93 -
20 0.87 0.91 -
40 0.95 0.91 0.38
21 2924 0 0.91 0.93 © 300(63wtiFeS-37wti
5 0.69 0.92 - Ca8)
10 0.66 0.90 0.64
20 0.64 0.91 - .
40 0.64 0.90 0.74 1) slag sample : expressed in mole fractions
22 3141 0 0.97 0.93 O 310(L7wt$FeS-\3wt%. ( Cus SnS,FeS,N
2 0.82 0.92 - FeO -40ut$Cas) 1 0.5° i ! aSO.S’CaS)
5 0.79 0.90 - calculate
30 0.83 0.88 0.63 d from wt% data (
35 0.8, 0.87 - assuming C -SnS-FeS-
S A as noiime
5 . . . _ ;
70 0.83 0.89 0.3} NaS, ;-CaS mixture ).
23 3519 20 0.91 0.89 - 355(100wt$FesS)
26 0.63 0.92 1,26
30 0.73 0.86 1,62
60 0.82 0.86 1.33
1.45
1.47
1.73
24 3496 0 0.85 0.93 O 350( 40wt EFoS-40wL}
2 0.52 0.87 - Na8y 5-20wtiCus)
10 0.56 0.88 0.12 0200267,
1§ 030 056 o (3:9e9eri00aeT
0.124)




(5)

(6)

(7)
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Atmospheric conditions were 1 atm of argon gas or partial
vacuum (approximately 1/10 atm of argon gas).

Temperature of carbon saturated iron 1250°C or 1600°C and
temperature of steel, 1600°C. i‘onfmn{9f>

In the case of CaS-based slags, the compositions were
chosen on the line 1 in Fig. 5-5, which shows CaS-Ca0-
FeS-Fe0 reciprocal mixture. These slag compositions are
saturated with CaS both at 1600°C and at 1250°C.
Experiments were carried out using the procedure depicted
in Fig. 5-2.

Preparation of materials

Carbon saturated iron. Bar iron and pure graphite (99.9 wt% C)
were melted in a crucible (MORGAN super-crucible A SALAMANDER-A16)
under an argon gas atmosphére. Metal melts weighing between 3
and 9 kg, were cast into 3 kg or 1 kg ingots. C content was
confirmed by checking the femperatures for solidification and re-
melting. Typical results of temperature measurements are shown
in Fig. 5-3.

Steel. Electrolytic iron powder was used.

Slag. NaSo.s slag was dehydrated from Na,S.9H,0 (Anala R sodium
sulphide Na,S . xH,0 produced by BDH Chemicals Ltd. Minimum
assay is 31 wt% Na,S and x is about nine.), which is commercially
available, in a graphite crucible under reduced pressure (20 -

30 mmHg). A heat cycle used is shown in Fig. 5-4. This compound
is very hygroscopic and was kept in a dessicator. Other slags,
e.g. CaS, CaF,, FeS, and CaCl, (produced by BDH Chemicals Ltd.),
Fe0, (iron ore FeOn), Ca0 (made from CaC0, in recrystallised
alumina crucible at 950°C overnight in the PHOENIX furnace)
mixture were mixed.
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Ca0 - CaCl, mixture was used for the investigation of S 7?
behaviour. This slag was premelted and crushed into
powder.

Exgeriment.

Ingots of carbon saturated iron were melted in an alumina

crucible or a graphite crucible. Iron powder was melted in an
alumina crucible for steel experiment. The required amount of
thin copper foil and granulated tin was added to molten metal
under an argon atmosphere. After a given period, which was long
enough for copper and tin added to be mixed uniformly in the metal
bath, a sample was taken from the metal phase and another sample
taken five minutes later. The alloy was kept at a particular
temperature. Slag was dropped on the surface of the metal bath
with a simultaneous increase of electric power of the furnace

to compensate heat loss for making molten slag.

After addition of the slag, the temperature of bath was controlled
manually by electric power and metal samples taken. Finally a y%)?*
slag sample was taken and the molten metal poured into the steel
mould.

Analysis

Cu and Sn in the metal phase were analysed by the author using

atomic absorption spectrophotometry. Samples for S analysis in the
metal phase are sent to BSC. Samples for Cu, Na, Sn, Fe, Ca analysis
in the slag phase were sent to Metallurgie Hoboken-Overpelt.

A vacuum furnace with a power unit was used. LEYBOLD-HERAEUS

Type IS 1/II1 and RADTNE TS generator, 3 k Hz. There were some
problems arising from the cooling water system and from deformation
of the induction coil which physically supports the crucible
assembly. These problems have been overcome. The mechanical.
agitator consists of a long shafted stirrer (graphite),

positioning equipment (vertical stroke = 700mm) and driving

mechanism (0-1500 r.p.m.). The operating conditions of the stirrer
were determined from the water model and molten lead model simulations.
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Stirring conditions were chosen for the entrainment of

floating particles on the surface. They were determined

under no baffle conditions. In the case of experiments with
molten iron, a thermocouple tube was immersed into the bath

and this acted as a baffle. It was claimed by Ando et al [3]
that the system with a baffle is better than without in the
sense of entrainment characteristics.

Equipment for argon bubbling is shown in Fig. 5-6. Alumina tube
was found to be satisfactory at the high temperature. It tends
to crack easily with sudden changes of temperature with time or/
and space. The tip of this tube was set to 10mm above the bottom
and off-centred by a quarter of the diameter of crucible.
2N1/min. of argon gas was usually blown. Crucible assemblies
are shown in Fig. 5-7. In the case of the higher argon gas flow
rate (5 N1/min), an anti-splash tube was used on the top of the
crucible.

Thermo-couples are shown in Fig. 5-8. Graphite tubes are
satisfactory for thermocouple protection. This can only be

used for carbon saturated metal melts.

5-2 Results.

In this section, the results obtained are presented in tabular
and graphical forms.

(1) Effect of argon bubbling gas flow rate.

(iifgé cases were carried out at varying argon gas flow rates.

-6 and -18 for pure NaSo.s slag and between runs -3 and -2 for 80 wt%
NaSg.s - 20 wt% FeS mixed sTag. These results are summarised in
Table 5-2 and Fig. 5-9. Without argon bubbling, de-Sn does not

occur but the concentration of Cu in the metal phase was still
decreasing about 30 minutes after slag addition. On the other

hand, with argon bubbling, the concentration of Cu in the metal

phase reached steady state(arouhd:jﬁé:géﬁ;hfﬁﬁgt) In run-18 (5 N1/
min. argon bubbling gas flow), a large amoﬁﬁivbf splash, say 15-20%
of the total molten metal, was observed.
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Table 5-2 Effect of argon bubbling zas flow rate.
AUN argon gas flow -d(wt9Cu)/dt|-d(wt%Sn)/dt remarks
rate TNl/min) (wtd/min) (wt$/nin) nCu 775n
13 0.067 0 53% 0%
5 0.110 0.01 523 5%
18 5 0.102 0 57% 0%
mean value mean value
Q-5min 0-40nin
1) Slag composition=pure Naso 5 (100g) .
2) Metal=1000g at 1250° C.
Table 5-3 Comparison between argon bubbling and mechanical stirring.
RUN mixing condition qCu nSn remarks
11 argon bubbling 504 7% 1225° C
2 N1/ain
14 mechanical 51% 1% 1250° ¢
stirring
700 r.p.a.
1) Siag composition= SOwt%HaSo 5—2Ouc%FeS (300¢g).
2) Metal=3000g.
Table 5-4 Effect of mass.
RUN mass (g) ~d(wt%Cu)/dt [-d(wt%Sn)/dt Ncu Mg | Femarks
metal slag (wtf/min)*| (wt%/min)*¥
2 1000 100 Q.100 0.0020 55% 7% | 1275° C
2 N1/min argon bubbling
1 3000 300 0.108 0.0008 54% 3% 1225° C
2 N1/min argon bubbling
1) Slag composition= 80wt%Nas3 -20wt%FesS.

2) Metal= carbon saturated irgﬁ?
3) Graphite crucible ( 75 amI.D. )

4) * : mean value of t=0-5min, ** : mean value of t=0-30min.
Table 5-5 Effect of slag composition ( Naso 5-FeS nixed slag for carbon saturated iron ).
RUN slag composition weight t wtiS) remarks
NaSy ; FeS (wt%) | metal slag (g) (min)nCu Msn
6 100 0 1000 100 50 52% 5% 0.019
2 80 20 1000 100 30 55% 7% 0.03
4 50 50 1000 100 53 51% 0% 0.16
5 20 80 3000 300 60 37% 0% | 0.43
23 0 100 3000 300 6 31% 3% 1.50
(nominal)

1) Argon bubbling=2 N1/min.
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RUN number slag pure NaSo.5 ( 98.6g ) RUN nuzber slag SOwLSNaSO.5 20wtiFeS ( 92.1g )

18
metal carbon saturated iron ( 1063g ) 3 metal carbon saturated iron ( 919g )
1) argon bubbling = 5 N1/min. 1) nmo argon bubbling.
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(c) Run-18. (d) Run-3.
Fig.5-9 De-Cu/de-Sn experinment.



RUN number slag BOVCZNuSO‘5-20wt$FeS ( 100g )

2

metal carbon saturated iron ( 963g )

1) argon bubbling = 2 N1/min.

Fig.5-9 De-Cu/de~Sn experiment.
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(e) Run-2.

slag BOutﬁNaSO 5-20ut1FeS ( 274g )

Fig.5-10 De-Cu/de-Sn experiment.

RUN number
11 metal carbon saturated iron ( 2880g )
1) argon bubbling = 2 Nl/min.
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-20wt$FeS$ 01g ) .
RUN nuzber slag BOVLXNaSO.s 20utsFes ( 301g RUN number slag pure FeS ( 355g )
14 metal carbon saturated iron ( 3076g ) 23 metal carbon saturated iron ( 3519g )
1) mechanical stirring ( revolution rate = 1) argon bubbling = 2 N1/min.

700r.p.m. ).
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Uﬁ Run-14. (€) Run 23.
Fig.5-1 De—Cu?de—Sn experiment. » De-Cu/de-Sn experiment.
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(2) Comparison between argon bubbling and mechanical stirring.

Comparison, which is summarised in Table 5-3 and Fig. 5-10

can be made between run -11 for argon bubbiing and run-14

for mechanical stirring. De-Sn is a much slower process than
de-Cu. De-Sn with argon bubbling is more efficient than with
mechanical stirring. A thermo-couple which was immersed in the
molten iron worked as a baffle in the case of mechanical stirring.

(3) Effect of mass

Run -2 in Fig. 5-9(e) was carried out with 1 kg metal and run -11
in Fig. 5-10(a) with 3 kg metal using a 80 wt% NaSy.s - 20 wt% FeS
mixed slag. These two runs were carried in the crucibles with the
same inner diameter. The smaller scale seemed to be advantageous
in the sense of kinetics as is summarised in Table 5-4. Argon gas
flow rate was 2 N1/min. for both runs. Geometries for bubbling
which are shown in Fig. 5-11 were somewhat different in these

two cases.

(4) Effect of slag composition in NaS,.s-FeS mixed slag for carbon

saturated iron.

Run -6, -2, -4, in Fig. 5-12, -5 in Fig. 5-13 and -23 were carried
out in the order of increasing FeS content in the initial slag
phase. Run -2 (80 wt% NaSg.s - 20 wt% FeS mixed slag) has the
highest ney value of these slags (see Table 5-5).

(5) Effect of vacuum

Comprehensive investigations on the effect of vacuum on de-Cu/de-Sn ‘:7
have not been carried out. In run-pre 2 in Fig. 5-14 vacuum was
exerted in the latter half of the experiment. Under the vacuum
condition, some de-Sn occurred, though no de-Sn occurred without

argon bubbling on vacuum.



RUN number slag 50wt$NaSO_5-50wt,$FeS { 133¢g )
4 mwetal carbon saturated iron ( 1326g )
1) argon bubbling = 2 Nl/min.
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RUN number slag 20wt$NaSo'5—80ut$FaS ( 302¢ ) RUN number slag 50wt$NaSO.5—50wL1keS ( 60.3g )
5 metal carbon saturated iron ( 3019g ) pre-2 metal carbon saturated iron ( 813g )
1) argon bubbling = 2 N1/min. 1) argon bubbling = 1.2 N1/min.
2) vacuum ( approx. 1/10 atm ) was introduced
after 120 minutes.
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Fig.5-13 De-Cu/de-Sn experiment. Fig.5-14 De-Cu/de-Sn experiment.
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(6) Effect of slag composition in CaS-FeS-Fe0 mixed slag for

"carbon saturated iron.

As is shown in Table 5-6, the sulphur content of the metal
phase treated with CaS-FeS-Fe0 mixed slag is generally higher
than with NaSy.s-FeS mixed slag. These results are shown

in Fig. 5-15.

In run-17, Ca0-CaCl, mixed slag was added in the later stage
of the de-Cu reaction. Cu reversion and de-S occurred in this
run after this Ca0-CaCl, mixture addition.

(7) Comparison between NaS,.s-FeS, CaS-FeS and NaS,.s-CaS-FeS
mixed slags.

NaSe.s-FeS mixture in run -4, CaS-FeS mixture in run -21 and
NaSq.s -CaS-FeS mixture in run -24 which is shown in Fig. 5-16,
can be compared for evaluating the characteristics of NaSy.s
and CaS (see Table 5-7).

(8) CaF, - FeS mixed slag for carbon saturated iron.

CaF,-FeS mixed slag was used in run -pre 3, -pre 4, -1 and -25.
Results are shown in Fig. 5-17 and Table 5-8. Slag phase was
observed to be partly solid.

(9) Comparison between CaF,-FeS mixed slag and CaS-FeS mixed slag

" for steel

Run -12 in Fig. 5-18 was for CaF, - FeS mixed slag and run -7 for
CaS-FeS mixed slag. Results are shown in Table 5-8. The sulphur
content in the metal phase of run -7 is higher than that of

run -12. Run -12 gave better "cy " values than run -7 (see
Table 5-9).
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Tables 5-6 Effect of slag composition ( CaS-FeS-FeQ mixed slag for carbon saturated iron ).
RUN |TEMPERATURE|SLAG COMPOSITION [time Teu 7sa time wt%S | rezarks
(oC) CasS FeS FeO |(min) (min)
21 1250 37 63 0 40 29% 3% | 40 0.74 ! siag-A { see Fig.53-5
22+ [1250 20 47 13 45 13% 8% | 45 0.44 | siag-B
53 0.35 | arser Cal addition
19 1250 43 29 28 40 0% 0% 40 0.}? 31laz-C
17#% 11255 15 39 46 35 13% 5% 25 0.03 | siag-&
60 0.34 | arfzsr Cal addition
10 {1260 18 82 0 35  54% 8% | 35 0.49 | slag-F
wt4
1) * : at t=45.5min 70g(60wu%CaO—AOwt%CaClz) added.
2) *#*: at t=36min 50g(60wt%0a0-&0wt%CaClz) added.
3) (slag/metal)weight=0.10
4) Argon bubbling=2 N1/min.
Table 5-7 Comparison between NaS, 5 and CaS for de-lu/de-5n Irom carbon saturazad iron
RUN|SLAG COMPOSITION | tize 7 tine wt3S remarks
Nas, ;FeS Cas |(min) OV Tsn 1 {ain)
4 150 50 0 33 51% 0% 48 0.16 12750 3
21 1o 63 37 40 30% 3% 40 0.74 12500 <
24 |40 40 20 L0 413 0% 10 0.088 12500 ¢
1) Argon bubbling+2 N1/ain.
2) Metal(3000g)-slag(300g) /nominal.
Table 5-8 CaF,-FeS mixed slag for carbon saturated iron.
RUN |TEMPERATURE|WEIGHT tize Ncu (wtdsn) |tizme wtiS remarks
(°cC) METAL SLAG|(min) (nin)
(g) (g)
pre-s| lzou 1223 ou 120 0% U.Ju5 100 U.47 argon oupdiing
1.2 N1/ain.
pre-4| 1315 1168 180 110 31% 0.06 80 1.23 argon bubbling
1.4 N1/ain.
1 1300 2924 301 37 32 0.03 30 1.05 | mechanical
stirring 700r.p.a.
25 1600 2427 250 40 2% 0.10 40 1.17 argon bubbling
2 N1/min (initial
10min., afterwards
argon surface
blowing ).

1) Slag composition=

5Owt%CaF2-50wt%FeS.

Table 5-9 Comparison of CaFZ—FeS and CaS-FeS mixed slag for steel.

RUN |[TEMPSZRATURE|SLAG COMPOSITION |time Moy Nsn |tize wtdS| remarks
(ocC) CaF, FeS CaS |(min) (min)

12 | 1600 50 50 0 36 28% 21%| 36 1.64

7 1590 0 63 37 40 6% 25%| 40  2.09

1) Argon bubbling=2 N1/min.

2) Metal(1000g)~-slag{100g)/noninal.




RUN nuaber slag 37uwt$CaS-63wtsFeS ( 300g ) RUN number slag L0wt3CuS-.Twt$FeS-13uwtsFe0 (310g)
21 metal carbon saturated iron ( 2924g ) 22 petal carbon saturated iron ( 3141g )
1) argon bubbling = 2 Nl/min. 1) argon bubbling = 2 NH1/min.
2) at t=31 min. 10g of Al added.
3) at t=45.5 min. 70g of 60ut$CaO-I,0wt$CaCl2
: added.
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(a) Run-21. (b) Run-22.
Fig.5-15 De-Cu/de-Sn experiment.
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RUN number slag 43wt$CaS-29wtiFeS-28wtiFe0 (299g)
19 metal carbon saturated iron ( 3048g )
1) argon bubbling = 2 N1l/min.
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{c) Run-19.

Fig.5-15 De-Cu/de-Sn experiment.

RUN number slag 15wt 4CaS-39wt$FeS-46utiFe0 (100g

)

17 metal carbon saturated iron ( 1039g )

1) ergon bubbling = 2 Nl/min.
2) at t=36 min. 50g of 60wtfCa0-40wt%CaCl

2
added.
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(d) Run-17.



RUN number slag 18wtECaS-82wtfFeS ( 100y )
10 metal carbon saturated iron ( 1066g )
1) argon bubbling = 2 N1/min,
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Fig.5-15 De-Cu/de-Sn experiment.

slag 4LOwtiNuS

-40wtfFeS-20wt$CaS{350¢

F1g.5~16 De-Cu/de-Sn experiment.

RUN number 0.5
2/ metal carbon saturated iron ( 34%6g )
1) argon bubbling = 2 N1/min.
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RUN number slag 50wt$CaF2-50wt$FcS ( 60g ) RUN nuaber slag  50wtiCaF,-50wt4FeS ( 180g )
pre-3 metal carbon saturated iron ( 1225g ) pre-4 netal carbon saturated iron ( 1168g )
1) argon bubbling = 1.2 Nl/min. 1) argon bubbling = 1.4 Nl/min.
2) vacuum ( approx. 1/10 atm ) was introduced 2) vacuum ( approx. 1/10 atm ) was
after 100 min. introduced after 90 min.
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(a) Run-pre-3. (b) Run-pre-4

Fig.5-17 De-Cu/de-Sn experiment.



{c) Run-1.
Fig.5-17 De-Cu/de-Sn experiment.

TIME [min]}

RUN nuaber slag 50wt$CaF2—50vt$FcS ( 301g )
1 metal carbon saturated iron ( 3006g )
1) mechanical stirring ( revolution rate =
700r.p.m. }.
2) 75.2g (slag)*four times ( every 5 minutes )
1350 addition.
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RUN number slag 5Out%CuF2—50ut$FeS ( 250g )
25 metal carbon saturated iron (2427g )
1) argon bubbling = 2 N1/min ( t=0 - 10 min. )
afterwards argon surface blowing.
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(d) Run-25.
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Table 5-10 Effect of slag composition ( CaS-FeS-Fe0 mixed slag for steel ).
g L g

RUN|TEMPERATURE|SLAG COMPOSITION [time 17, Tg tine wt3S |remarks
{°c) CaS FeS el |(min) = n (min)

7 | 1590 37 63 ] 40 6% 25% 40 2.09 |slag-a

8 | 1575 40 47 13 30 2% 22% 30 2.72 }slaz-3

9 | 1590 43 29 28 40 5% 21% 50 1.76 |siaz-C

15 | 1600 46 1 43 40 5% 219 40 1.34 |slag-D

16 | 1605 15 39 46 40 0% 8% 40 1.39 |slaz-Z

1) Argon bubbling=2 N1/min, excepot for run-16 in which 4 ¥1/ain argen
surface blowing was used.
2) Metal(1000g)-slag(100g)/nominal.

Table 5-11 Ccagparison of CaS and Ca?3 for steel
RUN| TEMPERATURE SLAG CgMgO ITIQN tize MTcu Tlsa | Temarks
(°c¢) CaF, Fes Ca3 (ain)
12 1600 50 50 0 36 28% 213
7 1590 0 63 37 40 632 253
26 | 1600 26 61 13 40 26%  33% | modified slag-7

1) Run-26 : sla%—i + CaFZ(half of CaS weight), argon surface blowing
=8 d1l/ain.

2) (slag/:etal)weight=0.10.

Table 5-12 Effect of partial vacuum.

In Run-pre-2,,1) t=50-80min --- argon bubbling(1.2 N1/min)
Sn concentration : 0.172wt%—0.15 wt%
(rate=7*10"" wt%/min)
2) t=80-120min -- no bubbling
Sn concentration : 0.151wt% —0,165wt%
(rate=—=4*10""wt%/ain)
3) £=120-180min - partial vacuunm
’ Sn concentration : 0.165wt%-—-0;123wt%
(rate=1.6%*10 wt%/min)



RUN number slag 50wt%CaF,-50wtgFeS ( 102g ) RUN number slag 50w1$CaF,-50wt§FeS { 200g )

12 metal steel ( 1017g ) 20 netal steel ( 2040g )

1) argon bubbling = 2 Nl/min. 1) argon surface blowing = 4 Hl/min.
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Fig.5-18 De-Cu/de-Sn experiment.



RUN number slag 37wt%CaS-63utfFeS { 102g )
i metal steel ( 1019g )
1) argon bubbling = 2 Nl/min.
1650
1600
A gt
L1550
E1500
@
-10 0 10 20 30 40 "50 60 170 80 90 100
—3slag added
1
1.
1.2
1. Jalat
: Hg) P i)
0.9 S
A=
— 0.8 1C o1~ i
c b~
vyl 0.7 L P Sn
3 0.6
(W)
ol 0.5 + 2
%E 0.4
—| 0.3
0.2 wtiS
0.1
0.0 Q0
-10 0 10 20 30 4O 50 60 70 80 90 100
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Fig.5r19 De~-Cu/de-Sn experiment.

RUN number

slag

L0utiCaS-47wtIFeS-13utFe0 ( 103g )

8 metal steel ( 1027g )
1) argon bubbling = 2 N1/min.
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(b) Run-~8.
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RUN number slag 43wt$CaS-29uwtfFeS-28wt$Fe0 ( 102g ) RUN number slag 46wtfCaS-11utfFeS-L3wtiFeO ( 100g )
9 metal steel ( 1020g ) 15 metal steel ( 1020g )
1) argon bubbling = 2 N1/min. 1) argon bubbling = 2 N1/ain.
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Effect of slag composition (CaS-FeS-Fe0 mixed slag for steel)
Comparisons can be made between runs -7. -8,'-9, -15,

-16.and -26. The results are summariséd in Table 5-10 and
Fig. 5-19. De-Sn from steel is generally better than that
from carbon saturated iron. Run -16 did not show good de-Sn.
This run -16 used argon blown onto the surface of the melt
as opposed to bubbling through it.

Effect of CaS and CaF, for steel

Comparison can be made between runs =12, -7 and -26. Results
are summarised in Table 5-11.

Comparison of de-Cu/de-Sn between carbon saturated iron and steel

Comparison can be made between run -21 and -7, run -22 and -8,
run -19 and -9, run -17 and -16, and run -25 and -12.

ey of carbon saturated iron is higher than that of steel,
except for run -25 and -12.

Interpretation of results

A) The effect of argon bubbling.

When pure NaSe.s slag is used for de-Cu/de-Sn from carbon saturated

iron, S for CuSg.s and SnS formation has to be supplied by MaSy.s
decomposition. It has been pointed out by Topkaya [18] and Liu [41],
that Na volatilisation is a mechanism for sulphur supply.

of SnS is thus high in the range of temperature studied (1250 - 1600°C).

The boiling point of SnS is 1276°C (1549K). The vapour pressure

In order to promote these reactions, i.e. Na vaporization and SnS

formation and vaporization, it is important to devise some mechanism

for the increase of the transport rates of these products.

or argon blowing on the surface and introduction of partial vacuum

are possible ways to enhance the mass transfer coefficients of these

products.

gas-flow, de-Cu occurred to the same extent as run -6 or run -18,

(where Ar flow was employed).

There is some difference in the rate of de-Cu between runs -13,

-6 and -18 as shown 1in Table 5-2.

Argon bubbling

Although run -13 was carried out without agitation from argon

i
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In the case where 1 kg of metal and 0.1 kg of slag were used,

flow induced by the induction coil was vigorous enough to create a
metal/gas interface. The observed results are shown in Fig. 5-20. This
interface would be a good site for Na vaporization. Sn can be removed
both to the slag phase as {SnSlwhere { }denotes liquid state and to the
gas phase as (SnS) where ( ) denotes gaseous state. Under the conditions
investigated, (SnS) appeared to be dominant as discussed in 6-3.

In run-18, high argon gas flow rate which enhances (SnS) transport

and low sulphur content which produces lower SnS vapour pressure lead to

inefficient de-Sn.

(2)

Comparison between argon bubbling and mechanical stirring

Some de-Sn in the case of argon bubbling, run -11, can be
explained by the formation of SnS vapour carried away by the argon
gas flow. In the case of mechanical stirring, run -14, de-Cu occurred
to the same extent as in run -11. Assuming that the dominant mechanism
for transport of Na vapour is the transport induced by the argon
gas flow, one can roughly estimate the total moles of su1phuf released
by NaSo.s decomposition.
i) The chemical equilibrium at the metal/slag interface is:
{NaSo.s} = (Na) + 3 [S] '
AG° = 57430-28.87 T [cal/mol ] (see Appendix -5)

ii) Vapour pressure of sodium, Png» 1S

P = a "t -57430 + 28.87T

Na - NaSe.s % . exp ( (5-1)
1.986T

If aNaSU.5 is assumed to be unity,

fg = 3.35,

and x¢ = 6.2 X 10™% mole fraction (at 8 minutes in run -11),

pNa is then calculated for 1250°C:-

Py.. = 0.26 [atm]

Na
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'iii) The total moles of Na carried away %y the argon gas flow
: . 3 .
rate ¢ [M/s] at time t is Cy = GNa . q /RT)dt [mol]

0
(5-2)

—u .
where q = 1.7 x 10" m3/s for ay = 2Ni/min.

iv) Assuming that the sulphur concentration in the metal phase increases
linearly with time, one can obtain the total moles of Na vaporised
CNa'

Cyy = 1-6 X 107° t2 o1y (5-3)

N

where t has a unit [sec.]

After 60 minutes (t = 3600), Cha = 0.96 moles. This is equivalent
to 0.48 moles of S (15.4g9 of S). This corresponds to {0.15 wt% S 1in
the metal phase (1.5g of S) + 0.5 wt% loss of Cu in the metal phase
(1.3 g of S) + 35g of FeS formation (12.6g of S)}.

In the case of mechanical stirring, § = 0. The mechanism explained
above for argon bubbling cannot be applied. Enough sulphur for
de-Sn could arise from FeS decomposition in this case (run -14).

(3) Effect of mass

The mixing powers of the argon gas flow which were used in run -2
(1 kg metal) and run -11 (3 kg metal) are calculated using the
equation below (after Nakanishi et al [48]).

. ) 5
en 6.18 Ve - T, « In (1 + pn_gH/1.01 x10 p; ) [wl; for

cylindrical vessel (5-4)
Here
3
Vé : gas flow rate [Nm /min.]
T ¢ melt temperature [K]

. 3
pL : melt density [kg/m ]
g : gravity acceleration [m/sz]
H : depth of gas inlet [m]

atmospheric pressure [atm]
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In both runs, 2N1/min of argon gas flow was used and the position
of bubbling was set 103 above the bottom of the cfuc1b1e
Depths of the melt batn wewa 0.032m and 0.096m for runs -2 and -11
respectively. Calculation leads to the results:

€ (run -2) = 0.28 [w] (&' = 0.28 w/kg-melt)
€ (run -11) = 0.84 [w] (&' = 0.28 w/kg-melt)

Where &' denotes the mixing power per unit weight of melt [w/kg].

According to Qu et al [49] studied the relation between the volumetric
mass fransfer coefficient ky, and &. ,

They used pure water (=1 x10" m /s at 293K) and m1nera1 0il
(v=3.5%x10 m /s at 293 K) to s1mu1ate a steel (v=1x 10" mz/s
at 1823 K) - slag (v = 1.0 - 3.3 x 10~ m /s at 1868K) system.
Volumetric mass transfer coefficient k,, defined by ky, = k.S/V
was determined by their water-o0il model.

kg = 0.0125 . (c1)0-817

Kikuchi et al [37] determined relation between &' and volumetric mass
transfer coefficient, kv, for de-P from exper1menta] data of wide range
of conditions, e.g. i) 1000g 1600°C small-scale tests

ii) 250 ton-scale tests.
They found that kv was roughly proportional to &'.

Using relation derived by Qu et al [49], one can obtain the ratio
of the volumetric mass transfer coefficient kV [1/s], for two runs below.

ky (run -2)/ky (run -11) =

The characteristic time of reaction for each run, tref’ is given by
Vh (k.S) [secl, which is equal to an inverse of ky-

tref(run -2) / tref (run -11) = 1.0

txperimental results of this value are roughly evaluated by tref (run -2)/
teef (run -11) ~ 1.1. This discrepancy between the simply calculated
value 1.0, and experimental result, ~ 1.1, is not surprising in view of
the nature of the system which has mass transfer of multicomponents, e.g.
Fe, Cu and so on is affected by differences between the actual interfacial
area for reaction and the nominal area S and is affected by induced mixing
whose effect on.kv-could depend on the scale of the system.
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(4) Effect of $lag composition (NaSy.s -FeS mixed slag for carbon
saturated iron).

Activity coefficients of CuS,.s and FeS in the slag phase
are determined by the help of mathematical models from experimental
results Ny VS. initial wt% FeS is shown in Fig. 5-21(a) with varying
Yres and YeuSe. s* The final wt% in the metal phase is shown in
Fig.5-21(b) with varying Yres and YCuS,. s* Experimental results are
also plotted on these figures. ey is strongly dependent on YCuS,. s

e

and weakly on Y?és » . The same results are also shown on the

‘§E;g:?;-;;E‘;;;;~BTS€“in Fig. 5-22 for NaSe.s - FeS mixed slag.

YCuSy.s and Yrag 2T dependent on the initial slag composition.
The estimated values of YEes and TCuS,. s for each initial

slag composition are:

i) 80 wt% NaSy.s - 20 wt% FeS Yrag = 0.1 0.4
YCUSO 5 =N 1-0
ii) 50 wt% NaSy.s - 50 wt% FeS YEes = ™ 0.15

iii) 20 wt% NaSy.s - 80 wt% FeS

YCuSp.s = ~ (.3

These values are confirmed by Fig. 5-23 which shows the distribution
coefficient of Cu between the metal and slag phases.

With increasing FeS content in the initial slag, the final S content
in the metal phase which is mainly supplied by FeS decomposition,
increases. This leads to favourable condition for de-Cu/de-Sn.

On the other hand decomposition of FeS causes reduction of the weight
of slag phase. This leads to unfavourable conditions for de-Cu.

If the main mechanism of de-Sn is SnS vaporisation, this reduction
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of slag weight does not lead to unfavourable condition for de-Sn.

In the case of pure NaSo.s (runs -13, -18 and -6), a model,
which includes only metal and slag phase, cannot predict experimental
resu]ts”ggg;;%a¢£¥;;19\as was explained in 3-2-2.

fo "

In Fig. 5-24, a-value, which denotes a fraction of Na decomposed,
is evaluated.

o 0.12
This value corresponds to approximately 1.2 N1/min. of argon gas
flow rate.
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In run -pre 2, de-Sn seemed to be influenced by vacuum.

In this run:

‘-'.
i

50 - 80 min. (1.2 N1/min argon bubbling)

Sn content changes from 0.172 wt% '0.15 wt%

rate 7 x 10  wt%/min.

t = 80 min. - 120 min. (no bubbling)
Sn content changes from 0.151 0.165 wt%
b
rate - 4 x 10 wt% min.
t = 120 min. - 180 min. (partial vacuum)

Sn content changes from 0.165 '0.12 wt%
21
rate 1.6 x 10 wt%/min.

The rates of de-Sn are compared in Table 5-12 for three types
of gas phase conditions.

Under partial vacuum condition, Na vapour could nucleate
without argon gas flow. PNa is approximately 0.04 - 0.5 under
the conditions in this work which is shown in Fig. 5-25.
Partial vacuum (~0.1 atm) used in this work could affect the
behaviour of Na.

Effect of initial slag weight (NaS,.s - FeS mixed slag),

Effect of initial slag weight on oy which is predicted by
the steady state model and shown in Fig. 5-26, agrees well with
the experimental results. This figure includes some results
of Liu [41].
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‘Effect of slag composition (CaS-FeS-Fe'mixed slag for carbon

saturated iron).

As is shown in Fig. 5-27 (slags A to F), slag compositions
used in experimental work were initially all CaS saturated slag
except for slag E in this figure. Ignoring this CaS saturation
and assuming liquid slag for all ranges of slag compositions,
one can obtain fairly good de-Cu(simulated by the steady state
model) which is shown in Fig. 5-21. Taking CaS saturation into
account in calculation, one can obtain fairly good agreement
between calculated results and experimental results.

181

Fe0 contained in the slag phase is reduced by carbon to form

CO0 gas. The total weight of slag is also reduced, which leads
to unfavourable condition for de-Cu.

De-S by Ca0 - CaCl, mixed slag on the later stage of de-Cu/de-Sn

reaction.

~ In runs -22 and -17, Ca0-CaCl, mixture was used.

run -22 (slag weight is 2.3% of the metal weight)
0.44 wt?%S —= 0.34 wt%S
after 25 minutes
run -17 (slag weight is 5% of the metal weight)
0.65 wt%S ——= 0.34 wt% S

after 25 minutes

In run -22, 10g of Al was added to 3140g of metal. S decreased
from 0.63 wt% to 0.44 wt% after 14 minutes (run -22). Assuming
the exchange reaction of 0° in the slag and S in the metal, one
can obtain 0.57 wt% of S decrease by 10g of Al addition to 3140g
of the metal in this case without any other reactions.

This means that Al is partially consumed in other mechanisms,
e.g. Al dissolution into the metal phase.
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50 wt?% CaF,- 50 wt% FeS mixtures were used in runs - pre 3,
- pre 4, -1 and -25. As is shown in Fig. 5-29, 40-60% of FeS
in the initial slag phase is decomposed. The meiting point of
CaF, is 1418°c. A large portion of slag was observed to be solid
which led to poor de-Cu.

In run-25, which was carried out at the higher temperature,
1600°C, de-Cu is very poor, although slag was 1iquid and sulphur
content in the metal phase was(igzi;§>high, 1.15 - 1.28 wt?% S.

It is due to high YCuSo. s in the—stag phase, '
In this run, de-Sn is better than other runs.

High temperature creates high SnS vapour pressure which leads
to high mass transfer rate of Sn.

"Pure FeS addition to carbon saturated iron

In the case of pure FeS addition in run -23, approximately
half of FeS added was decomposed, as is shown in Fig. 5-30.

Main components in the slag phase are FeS and CuSy.s in the
final stage.

Fig. 5-30 can be transformed to Fig. 5-31 which shows relation
between YEes? [wt%S] and 8. Where 6 denotes the fraction of FeS
decomposed. This transformation was done by the following procedure
and assumptions.

i) Chemical equilibrium (5-5) is assumed to be established

{Fe} + [S] = {FeS} aG% =-RT 1n Keg

a (5-5)

KFe = aFeS / aFe . S

ii) Initial slag is composed of two compounds, (100-wges)%
of XY and wges % of FeS compound XY is assumed to be
inert. '

A proportion 6 of FeS is decomposed. Final slag composition is

assumed to be

. L0
(1-8)WEes / Mees

XFes ©

o . 0
(100-Hg ) Myy + (1-8) We o/Mpes (5-6)
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Decomposed FeS 1s assumed to be all d1sso1ved into the
metal phase to raise su]phur content from zero to [wt%s].
10009 of metal and 100g of initial slag are also .assumed.

~3 Y ‘ ‘
[wt#s] = 8 Wege » Mg/10.M o (5-7)

Using equations (5-5), (5-6) and (5-7), one can obtain
a relation between YFes and 9.

— - O -
0
Wros/881/(1-0) (5-8)

11) NaSg.s-FeS-CaS mixed slag for carbon saturated iron.

FeS-CaS binary system has rather high melting points, higher

than 1100°C. Especially in the case where a large proportion
of FeS decomposes, the CaS-rich slag has a high melting point,
e.g. 1600°C for 30 wt$% CaS-70 wt% FeS mixture. NaSy.s has
reasonably low m.p. (1180°C). NaS,.s-FeS-CaS mixture (40 wt%
NaSq.s - 40 wt% FeS - 20 wt% CaS) is supposed to be a Tiquid
slag at 1250°C, even if some portion of FeS decomposes. This slag
has moderately high Ncu " value between Cy “of 50 wt% NaSg.s -
50 wt% FeS mixed slag and cy of 37 wt% CaS - 63 wt% FeS mixed
slag. .

Surface of the slag phase was observed in run-24 :
i) At t =25[min,], the slac was a nice li'qu'i.d‘\ phase.

ii) At t = 6 [min.], the sUrfacéAWas partly dark wheré_sﬁaT]
solid particles were observed. " This was located near a thermo-
couple tube immersed where mixing of the bath was poor.

ii1) Area of this dark surface spread until t ~ 15 [min.].
(At t = 12 [min.], the dark area was approximately one fifth
of the whole surface area.)

iv) Then this dark area decreased and disappeared at t = 30 [min].
Solid particles could be CaS. Phenomena described above were
not fully understood.
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(12) " CaS=FeS-Fe0 mixed slag for steel. -

Taking CaS saturation into account, one can obtain
reasohab]y good agreement between prédicted results and
experimental results (see Fig. 5-32). The sulphur pick-up
in steel is much more than that in carbon saturated iron
(see Fig. 5-33). As is discussed in 6-6, solubility of S in
carbon saturated iron at 1250°C is approximately 1.8 wt%.

On' the other hand, there is no mixibility gap between Fe and FeS
without carbon.

The interaction coefficient eé?) is positive. Activity
coefficients of sulphur calculated are:

ﬁs = 1.0 for steel.

ﬁé ='3.4 for carbon saturated iron.

High temperature and high S content in the metal phase
creates high SnS vapour pressure which Teads to de-Sn.
The calculated vapour pressure of SnS is 2.71 x 10-3 x [wt%S].
[wt% Sn] [atm]. In the case of run -7, Pons™ 5.2 x 10'3 [atm].
After 1 hr, the total weight of Sn removed could be 3.1g under
the conditions of argon bubbling (2 N1/min) which is corresponding
to 0.3 wt% Sn for 1000g of steel. This shows good agreement
with the experimental results of 0.22 wt% of Sn removal over
40 minutes.

(13) CaF, - FeS and CaF, - CaS-FeS mixed slags for steel.

CaS-FeS (and CaS-FeS-Fe0Q) mixture have Tow "Cu values, less
than 20% (see Fig. 5-34). In run -26, CaF, was added to the slag
F in Fig. 5-27. This CaF, - CaS-FeS mixture showed better
performance than the CaS - FeS mixture. This can be explained by
the melting point of the slag phase.

The melting point of the initial slag composition is less than
1600°C if wt% FeS is greater than 30. Some portion of FeS is
decomposed so that wt% FeS could be much less than that of initial
value. The final slag phase contains CuS,.s and SnS. This causes
lowering the melting point of the final slag phase. Neglecting this
effect and assuming simply a CaS-FeS binary slag as a final slag,
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one can obtain the maximum content of CaS in the initial slag which
is still liquid in the final stage at 1600°C. Nice Tiquid slag was
observed in fun - 26 during reaction; The calculated results are
plotted in Fig. 5-35.
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at 1600° C
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9 : fraction of FeS decomposed.

Fig.5-35

Amount of liquid slag ( total
amount of slag=100g at 1600° C ).
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CHAPTER 6 DISCUSSION

6-1 Overall aspects of the full model

Two mathematical models have been developed in the present work.
The steady state model is a simplified version of the full model and
deals with steady state, and has been developed as a model of
restricted applicability to simulate de-Cu/de-Sn from carbon
saturated iron/steel using various kinds of slags. It is an efficient
model in the sense of cost of computing but it has lost some
generality of application. On the other hand the full model is generally
applicable and is comprehensive. The main features of this model
are summarised in Table 6-1.

A11 functions in the model are separately formulated and coded
into separate sub-programmes. This allows the easy modifications of
each function.

In the case of de-Cu/de-Sn, the chemistry was mainly studied
hy the steady state model and kinetics studied by the full model
using the appropriate thermodynamic data, e.g. YCuSq.<® YFeS etc.,
which were evaluated by the steady state model and experimental
results. These kinetics are discussed in 6-2 and 6-3. In the present
section, the features of sub-programme "BUBBLE" is discussed.

This was developed for simulation of a gas bubble rising in the metal
phase. The formulations are explained in 3-2-2. Some computed
results are shown in Fig. 6-1.



Table 6-1 Characteristics of the full model.
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1) available functions (2) functions which (3) functions which
require minor require structural
modifications modifications

(a) conponents * multi-component (20- * further multi- * more than two types
element and 4{0-compound ) component of compounds

* two types of compounds e.g. oxide, sulphide

e.g. oxide & sulphide & chloride
9simultaneously)
{b) phases * metal/slag/gas ( incl. * slag/crucible
gas bubble) reaction
* interfacial reactions * homogeneous reaction
(metal/slag, slag/gas,
metal/gas, metal/gas.
bubble ¥ metal/crucibls)
(c) tenperature * constant with time * thermal bpalance
* spatial distribution by " HEAT "
(d) transport * mass transfer in the * pulxX mixing
boundary layers * bulk gas flow
(e) activity * constant with tiaze % tenmperature %
coerficient conposition
devendency
(f) type of the * open gas pnase( bulx
system composition is constant )| ¥ closed gas phase
* duamping and/or continuous| * continuous metallic
feeding of slag conponent feeding
{g) solving metnoq * Powell's nonliinear method| ¥ original programae
of =gs. (library orogramnme)
{h) others ¥ cnezlcal reaction
rate controlling

Table 6-2 Chemical equilibria for Sn.
0

1) Sn = (Sn) AG =66940-24.59T (cal/mol)
=—RTan(s )
2) s = 0_3,680
n + S8 = (SnS) AG -3L680725.ALT (cal/mol)
o=—HTan(snS)
3) Sn S = SnS AG =680—3:LLT (cal/mol)
=-RT1nK sns
Equilibrium constant : K(Sn) = psn/asn = 5.83*10'5“for carbon saturated
s i _}‘iron at 1250° C
¢ / {3.65*107"“for steel at 1600° C
=p a, 8, =(3.83 . _.for carbon saturated
(SnS) Sn8"78n"5 ) "iron at 1250° C
. , ¢3§.7 —for steel at 1600° C
=a 8. 8q = 4.52 ; for carbon saturated
SnS Sn§’ "Sn”3 { t“*iron at 1250° C
\‘{4.71//%w,for steel at 1600° C
carbon saturated iron steel
at 12500 C at 1600° C

Psn (atm)
Pgnglata)
xsns(mole fraction)

remarks

4.73%107' wt4sn
1.56*107° wt3Sn wt3
1.84%1077 wt2Sn wt3s

£g,=2:0, £g=3.35

S

1.73%107° wtiSn
2.71%1072 wt4Sn wt3S
3.90*10-4 wt%Sn wt4S

fsn=1.0. fs=1.0
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Behaviours of rising bubble .(volume ='1.0x10"?mé, diameter =
5.76 mm, argon gas ; initially) in carbon saturated iron (ét
1250°C ) and in steel (at 1600°C) were simulated under the
conditions described in Fig. 6-1. Reactions involved were Sn
vaporization, (SnS)gas formation and CO formation. Partial pressures
of these species increased while a argon bubble rose in the molten
metal. The results lead to the following discussions.
1) Due to a large equilibrium constant for CO reaction, [C] +
[0] = (CO), partial pressure of CO in a bubble was far from
equilibrium at tB = 1, where tB denotes dimensionless time
which is normalised by a rising period. On the other hand,
partial pressures of (Sn) and (SnS) were closer to equilibrium

conditions.

2) The rate of mass transfer is affected by mass transfer coefficients
of the metal and gas phase and equilibrium constant.
e.g. CO formation: flux density of CO, NCO’ is derived as
follows:

i) Chemical equilibrium (effective).

eff i i i
Kco i pco/ ¢ Yo
ii) Flux density continuity.
Neo = k. Co - (xg - xé)
= kg - Co (p[‘:0 - pzo) / P

iii) Using equations above, one can obtain NCo expressed
only by bulk concentrations. For convenience, superfix
"b" is neglected below.
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. _ eff :
Neg = kg . Cg' {1+ KCO . € . (xC + xo)}

eff v% ., eff 2 eff
+ J&} + KCO . a(xC + xo)} - 4.KCO . €. (KCO - Xo - Xg " pCO)

eff 2
« €
co

1/72.K - Pp

where ¢ = kg . Cg / km . Cm - Pr

eff 2 eff eff
.E.(K .xc.xo'pco)<<{1+KCO.€

Co co

iv) Assuming 4K
2%l
(xg + %)}

one can obtain NCO in a simple form.

eff
NCO . kg . Cg FCO Xe- Xg = Peo
Pt 1 + Kggf. e . (xc * xg)
2
In case Kigf. € (xC + xo) > T* and
eff
Kco - Xee X, >> Pco>

NCO v km Cm Xe Xo/ (xc + xo)

N.B. *1 Under the simulated conditions,

4.KEff . €2 . (Keff.
Cco co
N 2
{1+ Keff . € . (xc + X )} ~ 30
co ©

An assumption above is valid for rough estimation.

I pCO) ~ 10

*2 Under the simulated conditions,

eff e ( Xo * ) v 4
co

An assumption above is valid for rough estimation.

K xo
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The expression for NCO above means that the rate of CO
transport is controlled by mass transfer coefficient in the metal
phase under the conditions simulated in the present work.

The simulated results are shown in Fig. 6-1(a). Change of kg
from 2x1072 to 2x107" [m/s] does not affect a rate of CO
evolution. Change of km from 4x10-4 to 4x10_3 [m/s] causes
ten times difference in partial pressure of CO in a bubble.

On the other hand, change of partial pressure of (Sn)gas
with time is not affected by km. It is influenced by kg.

Change of partial pressure of (SnS)gas with time is affected
by both km and kg.

Driving forces expressed by difference of activity or partial
pressures between the interface and the bulk are shown in Fig. 6-1

(b), (c).
3) There are some applications of "BUBBLE" and further work.

e.qg. :
i) combining metal/slag model, one can simulate a behaviour
of powder injected with- gas into the molten metal.

ii) Modelling work for AOD process was reported by Yoshii et al
[73]. The present model can be applied to AOD process by
inclusion of other elements, e.g. Cr.
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6-2 Kinetics of decopperisation(de-Cu)

Comparison between the experimental results and the computed
results leads to information on rate phenomena. Rate phenomena in
the experimental and mathematical work are controlled by the
following parameters:-

i) Mass transfer coefficients, k [m/s]
ii) Argon gas flow rate for bubbling, 4y [N1/min]
jii) Mass transfer rate constant for CO,
Geg [mol /mz—s].

GCO is not important in the case of de-Cu using sulphide slags.
GCO plays an important role when oxide slags are used with higher
contents of carbon in the metal phase which makes Pco high enough
to nucleate CO bubbles.

When the initial slag contains enough FeS to supply S to the
system, the argon gas flow is not very important for de-Cu.
Under the circumstances described above, the rate phenomena are
simply determined by mass transfer coefficients.

Equation for mass conservation of each species are of the

type:-

dx _ _ i _
Vo Cm g =S ko - Cq (x - x) (6-1)
where superscript i denotes interfacial value

X denotes mole fraction of each species.

Subscript m denotes the metal phase.

This equation can be expressed in dimensionless form.
X (xex]) (6-2)
dt
*
where t = t/tref
and tref = Vm/km S [sec].
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Equation (6-2) indicates that the rate phenomena are
determined simply by tref‘

In Fig. 6-2, experimental results of run-11 (which used a
80wt% NaSo.s - 20wt% FeS slag) and computed results are
compared. ' ‘
Computed results using, ¥y FeS = 0.14
and v CuSo.s = 0.9, which are determined from Fig. 5-22(a), represent
the experimental results excellently. There are three lines in
Fig. 6-2(a) which represent tref - values of 150, 185 and 220 sec
respectively. Experimental results fall between the Tines of

t = 150 sec and tref = 220 sec.

ref

t.of = 185 + 35 [sec] (6-3)

This means that:

v
S‘km m / tref

u

(2.3+ 0.5) x 107 [n'/s] (6-4)

_Assuming a nominal interfacial area of the metal/slag inter-
=3 2
face (S = 4.42 x 10 [m ]) one can obtain a mass transfer
coefficient, km.

k = (5.2 + 1.1) x 107 [m/s] (6-5)

The driving force, which is determined by the mole fraction
difference between the bulk and interface, are shown in Fig. 6-2 (c)
and (d) for Cu and S respectively. S content in the metal phase
increases with time due to NaSq.s decomposition. Increase of S
content is favourable for de-Cu but simultaneously the total slag
weight decreases with time. As a result de-Cu continues very
slowly toward the end of the simulation (t* = 10).

In the case of pure NaS,.s slag, the transport mechanism of
Na vapour, which is by argon bubbling in the mathematical model,
affects the rate phenomena importantly. The effect of the argon
bubbling gas flow rate on de-Cu is summarised in Fig. 6-3.
100 N1/min of argon gas flow rate is an unrealistically high rate
for the 3 kg metal/0.3 kg slag system. In this case, a high rate
of de-Cu is obtained in the initial stage of reaction and later re-
copperising occurs due to decrease of the slag weight.
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6-3 Kinetics of detinning (de-Sn)

There are three possible ways in which tin removal can
occur:

i) (Sn) vapour carried away by argon gas flow.
ii) (SnS) vapour carried away by argon gas flow.
iii) {SnS} dissolved into the slag phase.

The chemical equilibria corresponding to the mechanisms
above are summarised in Table 6-2. The dominant mechanism can
be estimated from Table 6-3 under particular conditions.
The experimental results on the behaviour of Sn can be explained
by the dominance of (SnS) vaporizatijon. Comparison between the
experimental results and de-Sn caused by SnS vaporization is shown
in Figs . 6-4 and 6-5 for carbon saturated iron at 1250°C and for
steel at 1600°¢C respectively.
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In.Fig. 6-5, there are three points for the runs in which
surface argon blowing was used instead of argon bubb]ing.

In these cases, de-Sn 1s~mu¢h'1ess effective than de-Sn expected
by calculation for argon bubbling.

A local mathematical model was developed for the behaviour
of Sn under the assumption that (SnS) vaporization is the
dominant process for de-Sn and that no reaction occurred without
argon gas flow.

The configuration of the system and governing equations are
summarised in Fig. 6-6. The governing equations lead to
equation (6-6).

*

Xgn = xsg 1+ 2 . xsg . t) (6-6)

*
where t = t/tref
tref = Vh / km .S

e= § Kgg -fgpe fg/ (RT.S. koo C)

The ways in which Xen changes with time is shown in Fig. 6-7.
The parameter e for steel at 1600°C is 0.17.

tref rperesents the characteristic time of metal/slag
reactions, e.g. sulphurisation by FeS. Under the conditions
investigated, de-Sn has a much Tonger characteristic time than

tref'
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SnS
gas A

1) Chemical equilibrium : Sn + S = (SnS)
_i i i
Ksns=Psns’/23n%8
2) Flux density continuity
. L1y i
Sn : kmCm(xSn xSn) pSnSQ/RTS
. _ i - i
S kmCm(xS Xg ) pSnSQ/RTS
3) Mass conservation :
Sn : —VmCmden/dt= SkmCm(xs

-x3 )
n “Sn

S : =V C dx, /dt=Sk C i
mm S m m(xs—xsn )

Fig.6-6 A mathematical model for de-Sn.
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Fig.6-7 Change of tin concentration in the metal phase ( experimental result )
with time ( predicted by a mathematical model ). (b) Experimental results.
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Table 6-3 Total amount of Sn removed as (Sn)vapour' Tuble 6-4 Simulation conditions for de-3S.
(SnS)vapour and (Sns)slag,liquid'
(1) Initial metal = 3.0kg { carbon saturated iron
(1) Weight of Sn removed as each species. (g) with xgu=0.01, xgn=0.002 and xg=0 in mole
carbon saturated stee]l at 1600° C fraction ).

iron at 1250° C

(2) Initial slag = 0.450kg ( BOwtiNuSO 5-20wt%FeS ).

Sn -4 \ ) -3 T e o1
vapour 1.4%107 % (wt£Sn)g 5.1%107 7 (wt¥Sn)4 (3) Temperature = 1250° C.
308 o {0.46(utgsn) (wt25)4 |0.80(wt18n) (wtsS)4 (4) CuG addition.
Sng ¢ . CASE-f : no Ca0 addition.
liquid 0.22(ut15n)(wt$S)Ms 0.04 ("tisn)(“t%S)M: CGASE-IT : continuous Ca0 addition between
1) Gaseous specles are assumed to be carried t=Inin und t=12uin ( amount of Cal
away by argon gas flow ( gas flow rate 4 added = 36 G/win * 5 min = 180g ).
2) g%ﬁzlgf)éaseous species CASE-III: continuous Ca0 addition between
(flux of Sn)=pan/RT mol/s t=7win and t=12mwin ( smount of Cal
(flux of SnS)=pSnSQ/RT mol/s added = 180g ). at t=7win, slag
3) Tabulated values above are the total amount uscd tor de-Cu/de-Sn is partly
removed after 60 minutes (expressed in grams). . . )
) Ms=total moles of the slag phase, removed ( deslagging, residuals =
180g ).

(2) Weight of Sn removed ( normalised by weight
of Sn removed as (SnS)

vapour

carbon saturated steel at 1600° C

iron at 1250° C
Sn 0.003 (wt%S=0.1) 0.06 (wt%5=0.1)
vapour 0.03 (wt%5=0.01) 0.63 (wtf5=0.01)
Sn3 1.00% 1.00%
vapour
SnS
Trouid 0.31 0.04

Argon gas flow rate 4=2 Nl/min ( 60 minutes ).
Metal(1000g)-slag(100g, pure NaS0 5).

wt%Sn=1.
# : tabulated values above are normalised
by weight of Sn removed as (SnS)

N -
—— Nt

vapour’
5) (SnS) vaporization is dominant under the
conditions studled.
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6-5
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Desulphurisation (de-S) after decopperising (de-Cu)

Simulations were made by the full model under the conditions
summarised in Table 6-4. |

The effect of Ca0 on de-S is shown in Fig. 6-8. There is no
sulphur in the initial metal phase; The sulphur is picked up by
the metal phase with the driving force shown in Fig. 6-8.
De-S occurs in the case of Ca0 addition. The amount of sulphur
removed is larger with deslagging than without dislagging.
The behaviour of Cu is shown in Fig. 6-9. Cu reversion occurs
after Ca0 addition. This reversion process is slower than the
de-Cu process in the initial stage due to lower driving force for the
reaction. In the deslagging case (residual slag 180g) slightly
larger reversion occurs than in the no deslagging case. This is
because deslagging leads to the Tower sulphur content in the metal
phase which is unfavourable condition for de-Cu ([Cul + 3 [S] =
{CuSg.s} equilibrium). It is obvious that perfect deslagging must
result in no reversion.

Behaviour of other elements during decopperisation and detinning

" (de-Cu/de-Sn)

The sulphur activity should be kept high enough to promote
CuSe.s/SnS formation during de-Cu/de-Sn. This sulphur would react
with Mn in the metal. Computed results are shown in Fig. 6-10.

ﬁCu deireases from 50% to 43% by addition of 0.01 mole fraction
of Mn (at t.. = 15). 85% of Mn was removedwitiout MnS addition, 70%
of Mn was removed with 0.1 mole fraction of MnS addition,
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With presence of Mn in the metal phase, de Cu was less
effective because su]phur was part]y consumed by MnS formation.
85% of Mn (x =0, 01) was removed at t = 15 with 80wt NaSg.s -
20 wt% FeS slag (at 1250 C) Mn removal was slightly suppressed
by addition of MnS in the initial slag, e.g. in case xM s = 0.10,
70% of Mn (an = 0.01) was removed.

Mn0 added in the initial slag caused increase of Mn in the
metal phase, e.g. in case xﬁnﬂ = 0.10 and Xﬁn ='0.0, Xan = 1.4x10'3,
as shown in Fig. 6-10(b).

Simulations above were carried out under the assumption of
YMns = 1.0. These simulated results should be compared with the
experimental results. This is a further work in this field.

In the experimental work for de-Cu/de-Sn from steel, alumina
crucibles were used. After slag addition, some erosion of crucible
was observed. The effects of Al10,.s addition and metallic Al addition
on de"Cu were studies by the full model. As is shown in Fig. 6-19(c)-(e),
A10,.s addition (XA10 = 0.20) led to slightly better de-Cu and
lower sulphurisation. A] addition in the metal phase (XA1 = 0.001)
did not cause any significant effect on noy OF X .(1n this case
oxygen activity was very low and oxidic component was not involved
in the system simulated.)
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6-6 Differences between carbon saturated iron and steel on decopperisation

and detinning(de=Cu/de-Sn)using sulphide slags.

Due to the very different concentration of C between carbon
saturated iron and steel, the activity coefficients of Cu, Sn and
S are different and the solubility of S is different. Activity
coefficients are summarised in These activity coefficients
affect distribution coefficients of Cu in a manner described by
equation (6-7), which is a modified form of equation (3-50).

e

3
XcuSe.s 7 *cu ® fou fs Xs (6-7)

For Sn, according to Table 6-2,

f (6-8)

Psns / Xsp @ Fsp- Fso Xg
Higher fCu and fSn are advantageous condition for -de-Cu and de-Sn
respectively.

In the case of carbon saturated iron, S solubility was studied
by Turkdogan [47], whose results are illustrated in Fig. 6-11.
At 1250°C, the S solubility is approximately 1.8 wt%. In the case
of steel, there is no solubility limit of S, according to Hansen [30].
As is shown in Table 6-6, 49.5g of FeS can decompose to make 1.8 wt%
of S in 1000g of carbon saturated iron at 1250°C. If 100g of FeS
is added to carbon saturated iron (similar condition to run - 23),
some FeS would remain in the slag phase. In the case of steel, however,
almost all of FeS could decompose under similar conditions (except
for temperature). In this case, the sulphur content in the steel
becomes fairly high, about 3 wt%S, but there remains a very small
amount of slag. This could lead to poor results of de-Cu. De-Sn
is not spoiled by this as long as SnS vaporization remains the
dominant mechanism for de-Sn.
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Table 6-5 Solubility

of S in the molten

iron (47).

carbon saturated
iron

steel

1250° C
1350° C

1600° C

1.8wtSH
1.9wtis
2.0wtis

1) * : FeS decomposition limit into 1000g of
metal is approximately 49.5g ( carbon

saturated iron at 1250

c ).

Table 6-6 Simulation conditions for de-Cu/de-Sn.

carbon saturated steel
iron
1) Initial welight.
-metal |3.0kg 3.0kg
-slag  |0.3kg 0.3kg
2) Mass transfer coefficlent.
-metal km=4*10_4 m/s
-slag ks=2u1o'4 /s
-gas k =2“10-2 m/s
-co Gpo=3*10"2 mol/n’s
3) Initial composition in thel metal phase.
- 0 0
-C 0.181(?.5wt$) 0.0047(0.10wt8)
-Cu 0.0076(1.0ut}) 0.0088(1.0uwt%)
-Sn 0.0041(1.0wt) 0.0047(1.0wt3)
A mole fraction mole fraction
4) Initial composition inthe slag phase.

NaSO‘5.CeS,Can.FeS,FeO.MnS.MnO

and A101_5.

5) Activity coefficient,

( given in Table 6-2 ).

6) Temperature. [
[1523 K 1873 K
7) Total pressure In the gas phase,
|1.0 atm 4.0 atm

Lee
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Evaluation of activity coefficients of sulphides in the slag phase

According to equation (3-50), YCuSo. s is an important
parameter which directly affects distribution coefficients of Cu
between the slag and metal phase. #FeS plays an important role
in de-Cu through sulphur content in the metal phase. YCuso.s and
YFeS evaluated in different ways are shown in Fig. 6-12 and
Fig. 6-13 respectively. Both are plotted with the initial slag
composition as the horizontal axis.

Performance of mechanical stirrer

Physical modelling leads useful conclusions for designing
and for operating conditions of a mechanical stirrer fitted to the
experimental apparatus for molten iron/steel used in the present work.
There are some deficiencies in this part of the work which can be
subject of further studies in this field.

j.e. i) Hysteresis of entraining efficiency under various kinds of
stirring conditions. The critical revolution rate was
determined by increasing revolution rate. It would be best
to determine the critical revolution rates by both increasing
and decreasing revolution rate. These two critical revolution
rates could have significantly different values.

ii) Full description of dimensional analysis. Experimental work
was held with two sizes of vessels, i.e. 76 mm ID and 95 mm ID.
This was not enough to find exact dependency of the system
on size.

iii) The physical properties of floating particles, especially
the wetting angle, are important for entrainment. The effect
of wetting angles was just qualitatively observed in this
work.

s e e
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CHAPTER 7

CONCLUSIONS

A comprehensive mathematical model (the full model), which includes
multiphases and multicomponents, and a simplified version of this model
(the steady state model) have been developed in the present work.. The following
conclusions are obtained from the mathematical modelling work.
1) The validity of the full model was confirmed by the previous
model of Ohguchi [10] in the case of simultaneous de-P/de-S
from carbon saturated iron.

2) As these models can simulate the effect of argon bubbling on
the transport of Na vapour and SnS vapour, copper and tin removal
from molten iron by NaS,.s slag which essentially involves three
phase such as metal, slag and gas phase can be properly simulated.
3) As the full model is based on general governing equations,
i.e. local chemical equilibria and flux density continuity at the
interfaces and mass conservation in the bulk phase, it is possible
to apply this model to various kinds of pyrometallurgical problems,
i.e. refining of molten iron and steel, Cr - slag cleaning etc.

The characteristics, especially about the entrainment of the particle,
of the flat blade stirrer without baffles are investigated by the water
model and the molten lead model. This physical modelling lead to the
following conditions for the stirrer in order to obtain the good
entrainment. These conditions were used in experimental work with carbon
saturated iron.

For D = 76mm , here D denotes diameter of the ccntainer.

1) N~ 750 r.p.m., here N denotes the rate of rotation of the stirrer.
2) d = 30mm, where d denotes diameter of the stirrer.

3) central stirring §<~5mm, here & denotes horizontal deviation
of stirrer from the centre of the crucible.

4) h; ~ 20mm, here h; denotes height of the stirrer from the
bottom of the crucible.
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The chemistry and kinetics of de-Cu/de-Sn were studied by combining
experimental work and mathematical modelling. Conclusions obtained in
this investigation are summarised below:

1) NaSo.s - FeS mixed slag is confirmed to be fairly good slag for
de-Cu from carbon saturated iron the laboratory scale experiment.
This slag has a Tow vy, (~0.2) and y ~.. . (~0.9) which lead

FeS CUSo.s
to Tow sulphur and copper contents of the metal phase.
Ny 3 50% is achieved with 10% of slag weight to the metal weight
where pure NaSq,.s or 80% NaSy.s - 20% FeS is used.

2) CaS - FeS mixed slag and CaS - NaSo.s FeS mixed slag are slightly
less efficient than NaSy.s - FeS mixture for carbon saturated
iron.

In the case of CaS-FeS mixture, it is important to choose a slag
composition which has melting point low enough to maintain liquid state
under the given conditions. At 1250°C, ncu‘obtained for each slag is:

i) ey ¥ 55 % by NaSy.s - FeS mixture
ii) ney ¥ 54 % by 18 wt% CaS - 82 wt% FeS mixture
(29) (37 wt% CaS - 63 wt% FeS)
iii) ey = 41 % by 40 wt% NaSe.s 20 wt% CaS - 40 wt% FeS mixture

Other conditions are : 1000g metal (1 wt% Cu, 1 wt% Sn)
100g slag

3) CaF, - FeS or CaF,- CaS-FeS slag can be used for de-Cu/de-Sn
from steel. De-Cu from steel is less effective than from carbon
saturated iron.

n

i) ngy = 28 % by 50 wt% CaF, - 50 wt% FeS mixture

26 % by 26 wt% CaF, - 61 wt% FeS - 13 wt% CaS mixture

n

ii) Ny

Other conditions are : 1600°C
1000g metal (1 wt% Cu, 1 wt% Sn)
100g slag
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4) The dom1nant feature of the mechan1sm for de-Sn 1s theoretically
estimated to be SnS vapor1zgt1on from the poss1b111t1es of Sn
vaporisation, SnS vaporization and {SnS} slag formation.

This was confirmed by experimental data. Argon bubbling helps
transport of SnS vapour. Argon gas blown onto the surface of

bath helps this but is less effective than bubbling at the same
rate of gas flow.

As further work the following items are suggested:

1) CaF, - CaS - FeS mixture can be good reagent for de-Cu/de-Sn
from steel. This mixture is worth investigating further.

This mixture is more conventional than NaSy.s slag in industrial
processes and is easy to deal with. The melting point of CaS-FeS
mixtures are higher than 1600°C if the CaS content is higher than

30 wt% which easily occurs with decomposition of FeS. In this case,
CaF, additions can keep this mixture in a liquid state.

2) Applications of the full model could be carried out on various
other kinds of pyrometallurgical problems.

3) Some further functions could be added to the full model i.e.

version up of subroutine "HEAT" which enables to simulate changes
of temperature.
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APPENDIX-1
SURFACE PROFILES OF THE FORCED VORTEX AND FREE VORTEX

(1) The forced vortex

The liquid rotates as if it were one rigid body. Shear
force distribution is constant everywhere. The velocity
distribution in the radial co-ordinate is :

v(r)=2n %0 Xr - (A1-1)

At the wall v(r) = 0 and in the very thin layer near the
wall the velocity distribution is not expressed by the equation
(A1-1). This is not, however, important in the current problem.
According to Bernoulli's equation,

2

N
' 2
Z+ £2_1£_§D_l_ r = constant

29
at r = 0, velocity =0, z = z,
N 2 >
oz (2780 ) r = ;0 (A1-2)
2g '

(2) The free vortex

- Navier-Stokes equations in the cylindrical system (refer to [52] are:
2

r-component pV =3P (A1-3)
: 9 ar

r
®- component 3 {1 3 (r v¢)} =0 (A1-4)

or \P or
Equation (A1-4) is solved for the following cases:
1) Case 1 (infinite space)
boundary condition : rew v¢-..finite or zero

integral (A1-4) 1 3
r ar

~
n

constant

—~
~
<

2c1
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i = 2
integral r.v¢ cyrf + C

. ’ vCZ
divided by r .". v r o+ —

(7 1 r
according to the boundary condition cq = 0
In this case, the solution of equation (A1-4) is

V{p' = . (A1-5)

Circulation I can be calculated

r=¢ vds

\

27TV,

@
2 7wre, (A1-6)

Using this expression for circulation, one can obtain
‘T

Vo = é;;; (AM1-7)
In this case, z component of vorticity w, is
w, = ?1" g‘r‘ (yvg ) - ':_' -:—;;—
=0 -0
ey =0 (A1-8)

Case 2 (cylindrical vessel)

boundary condition : r = R, Vo= 0 (wall condition)

r =Ry, V® Vperiphera] (axis of the stirrer)
- R/R;
(Rz/Rl)z-

Yo
v .
peripheral

¢ Gag, - TR (A1-9)

In this case, vorticity w, is

wz = constant (=0) (A1-10)



The surface profile is expressed by Bernoulli's equation
(this is the approximation method, see note below) combined
with equation (A1-5).

v
peripheral [{ R, /Ry (

2
249 R, /Ry ”/Rz r/R )}

Z=Z1"

EM?._)_ R ( L3 (A1)
U-RyR) 13 R

here z, is the surface level in the case of no stirring.
This is plotted in Fig. 4-18(b). Equation (A1-11) is re-
written as equation (A1-12).

Vperipheral

N - /R r/ 2 _
Z=1z 1—%§;7R2 2{ —7R2 R,)Y (A1-12)

29

Note The surface profile should be calculated from equation
(A1-3) and equation (A1-9) in the case of a cylindrical

vessel.
2
p {p [
r
2
= ' (E’_ + C1Y‘) dr
r T
z 2
- B2 &o-C g (M-13)
2 . ro 2p

p can be replaced by pgz in equation (A1-13).
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APPENDIX-2

TERMINAL VELOCITY

The terminal velocities of polystyrene foams and plastic plates
which were used in the physical mode11ing were measured in water and
plotted in Figs. A2-1 and A2-2. For the polystyrene foams, Stokes'
Taw predicts the terminal velocities very well. For plastic plates,
Stokes' law cannot be applied for the larger plates, say d_ > bmm.
This phenomenon is explained in ref.[6] for falling 1iquid drops which
tend to be flattened in case of larger diameters.

In order to evaluate the effect of particles' properties, e.q.
wettability, terminal velocity, on entrainment, it may be helpful to
use device depicted in Fig. A2-3. This is a further work.
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APPENDIX-3
DERIVATION OF THE FULL MODEL

The flow chart for computation is i) defining the initial bulk
activities - 1i1) solving simultaneous equations for the interfacial
activities - iii) calculating all flux densities - 1iv) calculating new
bulk activities - go to 11).

Step i1) is the most important procedure in the model. These are a

large number of equations corresponding to the number of species involved.

A11 interfacial activities can be expressed explicitly by the interfacial
activities of oxygen and sulphur and flux density of metal reduced at the
slag/gas interface NTm which appears only in the case of a reducing

gas phase. The derivation of these simultaneous equations is explained
below.

1) The metal/slag interface.
The -activities of oxide and sulphide at the metal/slag interface,
a(i + 2010, 2,1), are expressed by the activities of metal and
oxygen or sulphur according to the equation (3-4). 1)
o(i_,i
a(i + 204, 2,1) = E(i + 20i_ 1,2) a(i, 1,2). a(i, 1,2) °

where i23 (A3-1)

io = |1 for oxide
2 for sulphide

Substituting a(i + 2010, 2,1) from equation (A3-1) into equation
(3-4) one can obtain interfacial activities of elements at the
metal/slag interface a(i,1,2) expressed by interfacial oxygen
activity a(i, 1,2), interfacial sulphur activity and the bulk
activities of metallic elements and compounds.

a(i,1,2)

2

K(3,1).C(1).a(i,1,1) /i ,1)+C(2). TEk(1+20i ,2).a(i+201 ,2,2) /x(i+201 ,2)}

1°=1
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a(i_,1)

k(i,1).C(1Yy(i,1)+C(2).2{k(i+2010,2)E(+2010,1,2).a(i0,1,2) 2/7(i+2010,2)}

=n(i ;3 a(1,1,2), a(2,1,2))
where i27 (A3-2)
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a(i+201,2,1) is also expressed uniquely by a(1,1,2), a(2,1,2)
and the bulk activities using equation (A3-1) and (A3-2).

a(i+2 1,,2,1) =E(i+2010,1,?).a(101,Z)G(io’i)
xh(i ; a(1,1,2), a(2,1,2)) (A3-3)

For the special species (is<6, i=8,9).

1=9(Sn) According to the equation (3-22) and (A3-1),
a(9,1,2)

2
k(9,1).C(1).a(9,1,1)/Y(9,1)+C(2):E{k(9+2010,2).a(9+20102,2)/7(9+2010,2)}

1, 1

K(9,1).C(1)/7(9,1)+C(2) . 2(k(9+201,2) . E(9+201 , 1,2).a(i,1,2) L i0?%)

iy /Y(9+2010,2)g555§g:1132/
T e

h© 3 a(1,1,2), a(2,1,2)) K £(49,3,2).2(2,1,2). & /RTS(1,2)

1]

i=8 (Na) According to the equation (3 5) and (A3-1),

a(8,1,2)

2

k(8,1)C(1).a(8,1,1)/v(8,1)+C(2) . 24k(8+204,.2) .a(8+201 ,2,2) /v(8+201 ,2)}

io=1

K(8,1).C(1)/7(8,1)+C(2) z{k(8+20i_,2).E(8+201,,1,2).a(i,1,2)°To?8)

/v(8+20i ,2)1+E(8,3,2) G /R.T.S(1,2
=8 ; a(1,1,2), a(2,1,2)) (A3-4)

a(8,2,1) is calculated by a(8,2,1) = E(8,3,2).a(8,1,2).
i=5,6 (Fe) According to the equation (3-19) and (A3-1)

a(5,1,2)
(=a(6,1,2))

2 6
_ k(5,1).C(1).a(5,1,1)/7(5,1)+C(2)1;=1§£§(1+2010,2).a(i+2010,2,2)/y(1+2010,2)}

2 6 . s
k(5,1).C(1)/v(5,1)+C(2).z z{k(i+2010,1,2).a(ioj,2)0(10’1)/y(1+20i0,2)}
i,=1 =5
0

h(s ; a(1 ,1,2), a(2,1,2))
= h (6 5 a(1;1,2), a(2,1,2)) (A3-5)
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i=3,4 (C) According to the equation (3-20) and (A3-1),

CLoa3,1,2) (= a(4,1,2))

k(3,1).6(1).a(3,1,1)/7(3,1) + 6

k(3,1).C(1)/¥(3,1) + Ggg-E(23,1,2).a(1,1,2)/P;

0

=h(3 5 a(1,1,2)) - (A3-6)
=h(4 ; a(1,1,2))

i=1(0), 2(S) According to the equation (3-23) and (3-24)

.. (ki) CUN /g )a; 4 6 - E(23,1,2).0(33a(1,1,2)/Prlaliof2)

+0(2) 5 Loligt)-K(1+2014,2) E(14201,1).h( 5 a(1,1,2),
a(2,1,2)). a(1,1,2)°1) /4 +20i ,2))

=k(i »1).C(1).ali , 1,0 v (i 1) + %160 * 0(2)%§§o(ioa1)
k(ifZOio,Z).a(1+2010,2,2)/Y(i+20102)}

=1 (A3-7)

i0=2 (A3-8)
Nhere 61j denotes Kronecker's delta function.

The right hand sides of equations (A3-7) and (A3-8) include only
bulk activities and the left hand sides include two variables
a(1,1,2) and a(2,1,2). These two can be obtained by solving the
simultaneous equations (A3-7) and (A3-8). The activities of
oxygen and sulphur can be expressed by the activities of bulk
phases. These equations can be solved by numerical techniques.
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2) The slag/gas interface.
The activities of all species in the gas phase,
a(i + 20io, 3,2) io =0,1,2 , are expressed
by the activities ‘of corresponding species in the slag
phase according to equation (3-6).

a(i + 20 io’ 3,2). = E(i + 2010,3,2) a(i + 2010, 2,3)

Where io =0,1,2 - (A3-9)

i>5

According to equation (3-7),

a(i, 3,2) = £(i.,3,2)° a(i,2,3)° (A3-10)

Where i =1  for oxygen
2  for sulphur

According to equation (3-10),
a(22,3,2) = £(22,2,3).2(1,2,3) a(2,2,3)

According to equation (3-9) : : (A3-11)

3(24,3,2) = E(24 ,2 ,3).3(1 ,2 ,3).3(23 ,3 ,2) (A3_12)

In the slag phase, all activities of oxides and sulphides at
the slag/gas interface a(i + 20i0, 2,3) can be expressed by

the activity of elements at the slag/metal interface ’

a(i,2,3). According to equation (3-6).

a(i + 201, 2,3) = E(i + 20§ ,2,3) . a(i,2,3).a(10,2,3)°(io’ i)
Where i > 5, io‘= 1,2 o (A3—13)

As a result all a(i + 201, 3,2) and a(i + 201,2,3) can be
expressed in terms of a(i,2,3).
According to equations (A3-9) and (A3-13),

a(i + ZOiO, 3,2) = E(j + 2010, 3,2).E(i + 2010, 2,3)

. x a(i,2,3) . a(i, 2,3)°(i0’i)
Where i > 5, i =1,2 (A3-14)
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Substituting a(i + 2010, 3,2) and a(i + ZOiO, 2,3) into
equation (3-25) from the equations (A3-14) and (A3-13)

respectively, one can obtain a(i,2,3) expressed by only
three key variables, i.e. a(1,2,3), a(2,2,3) and NTm.

*. a(i,2,3)

2

=2[C(2).k(i + 201 )a(i+2010,2,2)/y(i+2010.2)+C(3).p}1-k(1+2010,3)-
10 1 o

a(1+201 53, 3) + C(B)p L k(i,3).a(i,3,3)1

2

z[{C(2). k(1+201 . }/+C(3) T1k(1+201 ,3). E(1+201 ,3,2)} x E(i+20102,33
i =1 y(i+201] 2)

a(i,,2 3)°(‘o")] + C(3) pT - k(1,3).E(1,3,2) + NT_/v(i,2,3)

= (i 5 a(1,2,3), a(2,2,3), NT.) (A3-15)

i

Where iz 7.

For i=5,6(Fe), according to the equation (3-26),

a(5,2,3)

2 6

T z[C(Z) k(1+201 2).a(i+20io,2,2)/y(i+2010,2) + C(3) p}1.
jo=1 i= . : '

k(i+20i°,3).a(i+201.,3,3).+c(3).p}1.k(5,3).a(5,3,3)]

T 5O c2). k(1+201 2) /y(14201,2) + C(3).p7 . K(i+20i,3) x
o=l 15 s |
E(i+201,3,2)) x E(i+20i,2,3).a(i_,2,3) o ec(3) 07" (5,3).
E(5,3,2) + NT_/v(5,2,3)

(55 a(1,2,3), a(2,2,3), NT ) (A3-16)
f(6; a(1,2,3), a(2,2,3), NT_)

For i = 3,4(C)according to the equation (3-27),
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S a(39273)

T k(23;3):a(23,3,3) + k(24.3) . a(24,3,3)

 {Kk(23,3) + k(24;3)} E(24,2,3). a(1,23)}E(23,2,3).a(1,2,3)

(3 5 a(1,2,3))
£(4 5 a(1,2,3)) (R3-17)

As a result, all interfacial activities have been expressed
explicitly by three main variables. According to the equation (A3-9),

a(i,3,2). = E(1,3,2).f(i ;5 a(1,2,3), a(2,2,3), NT_)

Where i > 5 o (A3-18)
a(i,3,2) = £(1,3,2)" . a(i,2,3)° (A3-10)
Where 1. = ],é
a(i,3,2) = 0 | (A3-19)

- Where i = 3,4 |

According to the equation (A3-13)

a(i +20i,2,3) = E(i + 20i_, 2,3) . a(i,2,3)°0) ¢

where i >5. - (A3-20)
According fo equation (A3-9),
a(i+20i,3,2) = E(i+20i ,3,2) E(i+2@io,2,3).a(10,2,3)°(io’1)
x £(i 3 a(1,2,3), a(2,2,3), NTm)
Where 1 > 5 (A3-21)

Substituting all these interfacial activities into equations

(3-28), (3-29) and (A3-22).

I NT a(i,2,3)/y(i,2,3) = NTm (A3-22)
.i
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This is the additional equation for NT_ which is only
non zero in the case of a reducing gas phase.
If NT. = 0, equation (A3-22) is satisfied but trivial.

According to the equations (3-28) and (3-29),

c(2).z BT(iO,E).k(i+ZUiO,2)'{a(i+20i0,2,2) - E(i+20i0,2,3)
i=5

xa(i 2,30 1) #(i 5 a(1,2,3), a(2,2,3), NT )i/v(is20i ,2)]

=0c(3) p! 2lo(i,1).k(i + 201 ,3).(E(i+20i ,3,2).E(i+20i ,2,3)
o ,a(22,3)
X a(io,z,s)“(‘o").f(i 5 a(1,2,3), NT_) - a(i+201 ,3,3)}]

-1

+e (ig). C(3). pT Cdg= 1 (A3-23)
i, =2 (A3-24)
" Where

e(1) = 2.k(1,3).{E(1,3,2)".2(1,2,3)" --a(1,3,3)}
+ 2.k(22,3).{E(22,2,3).2(1,2,3)" a(2,2,3)
- a(22,3,3)} - k(23,3).{E(23,2,3). a(1,2,3)
x f (3 ; a(1,2,3)) - a (23,3,3)}

e(2) = 2.k (2,3).{6(2,3,2)".a(2,2,3)" - a(2,3,3)}
+ k(22,3).{E(22,2,3).a(1,2,3)" .a(2,2,3)
- a(22,3,3)} + NT_ . a(2,2,3)/v(2,2)

i, = 1.2

According to the equation (A3-22), in case NTm =0,

 {f(i ; a(1,2,3), 3(2,2,3), NTm)/Y(i,Z)}
j=5
(excl. i=6)

+ a(2,2,3)/v(2,2) =1 (A3-25)
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Three equations, (A3-23), (A3-24) and (A3-25), are the
simultaneous equations for three variables, a(1,2,3),
a(2,2,3) and NTm.

The metal/gas interface.

A1l interfacial partial pressures at the gas/metal interface
a(i,3,1) can be expressed in terms of interfacial activities
at the metal/gas interface a(i,1,3) according to equation
(3-48), (3-49), (3-50) and (3-51).

a(i,3,1) = £(i,3,1)° . a(i,1,3)° for i=1,2 (A3-26)
a(i,3,1) = E(i,3,1) . a(i,1,3) for i>5 (A3-27)
except for
a(gg,3,1) = E(23,1,3) . a(3,1,3) . a(1,1,3) (A3-28)
a(49,3,1) = E(49,1,3) . a(9,1,3) . a(2,1,3) (A3-29)
SnS vapour

Combining these equations for equilibria and equations for
continuity of flux density (3-30), (3-31) and (3-32), one
can obtain a(i,1,3) explicitly expressed below in terms of
the interfacial activities of oxygen and sulphur and bulk
activities. '

a(i,1,3) = a(i,1,1)/01 + k(i,3).C(3).y(i,1).
x E(1,3,1)/k(i,1).C(1).p}
for 15 (i=9) (A3-30)
3(3:1 33) = 3(3,1,1)/{1+k(3,3) . C(3) Y (391)
x E(23,1,3) . a(1,1,3)/k(3,1) . C(1) . ppd
(A3-31)
a(9,1,3) = a(9,1,1)/01+ k(9,3) . C(3) . v(9,1)
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x{E@4,3,1) + E(49,1,3) . a(2,1,3)1/k(3,1) . c(1).py]

(A3-32)
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‘Interfacial activities of oxygen and su]phgr at the metal/

gas interface should satisfy the equations for continuity

of flux density (3-33) and (3-34). These two equations

lead to the equations below for two unknowns in the case
where all species have a common mass transfer coefficient

in a particular phase.

- a,(1) + a,(1) . x(i) + x(3)7 + a5(1) . x(i)/Mag(i) + x (i)}

Where x(i) is a(i,1,3), i= 1 or 2, and az(i) is constant. (A3-33)

ag(1) = ali,1,1)/2v(1,1).2,E(i,3,1)°
a,(1) = 1/2y (1,1).2,E(1,3,1)°

a5(1) = a(3,1,1)/2¢(3,1) . 2 E(1,3,1)°
a3(2) = a(9,1,1)/2¢(9,1).2,.E(2,3,1)°
ag(1) = 1/v(3,1) . Z,E(23,1,3)

24(2) = 11 + v (3,1).2,. E(9,3,1)}

/ y(9,1).2b.E(49,1,3)
Where z = k(gas) C(3)./k(meta1).C(1).pT

After solving these simultaneous equations for a(1,7,3)
and a(2,1,3), one can obtain other interfacial activities
by using equations (A3-26) to (A3s32).

The metal/gas bubble interface.

The change with time of variables relevant to one particular
bubble can be calculated by means of the quasi-steady state
approximation:-

Bulk composition of the metal phase does not change while one
particular bubble rises from the tip of bubbling lance to the
gas phase. Constituents of the bubble atmosphere are CO gas
(PCO)’ Sn vapour (PSH),’SnS vapour (PSnS) and inert gas.



Equations for chemical equilibrium and continuity of flux
density at the metal/gas bubble interface lead to solutions
of interfacial activities expressed in terms of bulk

activities.
a(3,0,3) = (- 0+ [ 4 4n 9,072 5, (A3-34)
2
a(9,1,3) = (- 9 tﬁs + ba, 9 )/29, (A3-35)
Where
ay =z_ . y(1,1) E(23,1,3)

0

@=1+z .E (23,1,3). {y (3,1). a(1,1,1)

B (131) . 3(33131)}

%3 = a(3,1,1) + v(3,1). 2, Peo

T2 ey (9,1) . z, . E(9,3,D)} v (2,1) z, £(49,1,3)

95 -1 z, E(49,1,3) {y (9,1) . a(2,1,1) .
I (2a1) . a(931s1) = Y(291) . Y(991) ZO psn}
+v(9,1) .z, . E(9,3,1)

T = a(9,1,1) +y (9,1) .z, . (P, + Psas)

Using these interfacial activities of carbon, a(3,1,3), and

tin, a(i,1,3), one can obtain the interfacial activities of

other constituents from the following equations which are
derived from chemical equilibria and continuity of flux
densities. _

a(1,1,3) = a(1,1,1) + v (1,1) .z, Peq

T+ y(1,1) .z, £(23,1,3) . a(3,1,3)  (A3-36)

a(2,1,3) = a(2,1,1) + v (2,1) ..z, Pgs

1 +vy(2,1) . z, E(49,1,3) . a(9,1,3) (A3-37)
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(9,3,1) = E(9,3,1) . a(9,1,3) ; interfacial pressure of

tin ét the gas bubble/metal interface
(A3-38)

a(23,3,1) = E(23,1,3) . a(3,1,3) . a(1,1,3) ; interfacial

pressure of CO (A3-39)

a(49,3,1) = E (49,1,3) . a(9,1,3) . a(2,1,3) ; interfacial

pressure of SnS vapour
(A3-40)

The following assumptions are made:-

i)

i1)

Pg

Rising velocity of a bubble, UB [m/s], is constant.
Total pressure in a bubble P [atm] is equal to the
static pressure.

. 5
= P+ {/% (h, - h) + [ h 3g/1.0133 x 10

(A3-41)

Where P ¢ atmospheric pressure [atm]

iii)

f% : density of metal [kg/m3]
f% : density of slag [kg/ms]

h_, h_ : see Fig. A3-1

m> s

2
g : gravitational acceleration [m/s;]

Shape of bubble is hemisphere. The relation between
3 2
volume, Vé [m ], and surface area, SB [m ], of a

bubble is:
- 2/3
SB = 5.257 VB (A-42)



Mass balance of each species Teads to the following set
of equation; -

d(Psn Vﬁ) _ : _
— Sg- kg - {a.(9,3,1) - pgp} (A-43)
d(peg Vi)
_di_O——B = Sge kg (a(23,3,1) - pgg) (A-44)
d(pgpsVp)
T= Sg - kg {a(49,3,1) - pg,st (A-45)
o]
Pg. = Pg * Psn * Pco ¥ Psns (A-46)

pg.: initial pressure of a bubble

After normalisation, a set of differential equations can

be solved by the optimised Runge-Kutta method.
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Ad-1 Flow chart

The procedure of computation is shown in Fig. A4-1.

1)

2)

8)
9)
10)

The parameters, which control the procedures of computation
and characterise the general features of the model, are
read from the data-file.

General constants are read.
e.g. atomic weight stoichiometric factors.

The characteristics of the system to be simulated are read,

e.g. initial weight of each phase, temperature, powder
supplying conditions, initial composition of each
phase.

The equilibrium constants are calculated.

The activity coefficients are evaluated.

Constants used in the simultaneous equations are introduced.

The interfacial activiﬁy of each species is calculated from
the known bulk phase activity, non-linear simultaneous
equations are solved.
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The flux density of each species at the interface is calculated.

New bulk activities are calculated.

“time step control”,



START

|

CALL CLEAR

!

READ general
parameters

CALL CONST1

CALL CONST2

CALL CONST3

LYJ

CALL CONST.

CALL PRETRE

SET reference
values

CALL METSLG
MS

SET reference
values

l

na§§4

initial zero clear
for variables.

define the characte-
ristics of the systemn.

read very fundamental
constants ( molecular
weight, stoichiometric
constant etc.

read temperature,
initial weight etc.

read initial
comnposition of each
phase.

read mass transfer
coefficient and
thernodynaniz data.

read/calculate
activity
coefficient.

calculate
coefficients of
equations.

reference values
for interfacial
oxygen and sulphur
activity,

solve simultaneous
equations for the
metal/slag
interface.

%3

‘reference values

for interfacial
oxygen and sulphur
activity at the
slag/gas
interface.

To %2

%4
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CALL SLGGAS
SG

solve szinultaneous
equations for the

*3—=

@9'«)__

YES

slag/gas
interface.

CALL MG
BUBBLZE
—

CALL FFLUXX

calculate flux
density of eacn

species.

CALL MONIT

maxe tables for
monitoring.

CALL MEMO

memorise calculated

results.

NO

CALL DDTIME
(calculate
new time
step )

FIZED TIME
STEP

CALL BULX

calculate new

bulk composition,

TIME over?

YES

MODEL(2)=12 CALL PRINTX
GRAPH
CALL HEAT TERMINATE

10 %1

Fig.A4-1 Flow chart of the full model.
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A4-2 ‘Structure‘of'COded'prcgramme

This programme was coded according to the following general scheme:-

1)

2)

3)

The whole programme is divided into an appropriate number of
subroutines which have their own individual functions.

The main programme is kept as simple as possible. It merely
controls the flow of computation.

Some important functions can be added very easily by the
inclusion of particular subroutines for which calls etc.

are already included, e.g. subroutine "HEAT" for a calculation
of the evolution of temperature. '

Other information. Arrays are used for generality.

Some parts of arrays may be redundant. This does not cause
any trouble, as long as a computer with sufficient storage is
used. Statement numbers are characterised as follows:

integer * 100

FORMAT - statement
(i.e. 100, 200, 1100, etc.)

"

integer * 10 closing Tine for DO-statement
(but not integer * 100) (i.e. 10, 20, 110, 1110, etc.)

integer = CONTINUE statement for the order of computation
(but not integer * 10,*100) (i.e. 1, 2, 111, 1111 etc.)

The whole coded programme consists of one main programme and
26 sub-programmes. Features of each programme are summarised
in Table A4-1. Detailed programme lists are available in a
separate report [46].
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AL-1 Main and sub-programmes of the full model.
PROGRAMME'S CHARACTERISTICS STEPS
NAME

MSG1(main) computing flow control 426

GUNST 1 27

CONST2 kinetic and thermodynamic 68

CONST3 data are read from data 23

CONST4 file 104

PRETRE pretreatment of coefficients 62
in equations

ACCOEF set activity coefficient 51

METSLG solution of interfacial 34
activity of oxygen and
sulphur at the metal/slag
interface

MS calculation for interfacial 62
activities of other svecies

SLGGAS solution of interfacial 41

a activity of oxygen and
sulphur and flux density of
metal reduced at the slag/
gas interface :

SG calculation for interfacial 69
activities of other species

MG solution of interfacial :
activities at the metal/gas L6
interface

BUBBLE solution of change of 119
composition in a bubble
injected during rising in the
metal phase

TOTAL calculation for coefficien in| 75

POPS equations during iteration 55

RESID calculation for residuals ( :}157

, for solution of simultaneous’
equations

BULK calculation of new bulk 187
activitie of species after a
finite time interval

HEAT calculation of thermal 5
balance ( vacant )

DDTIME calculation of optimum time 31
interval for unsteady
calculation

FFLUXX calculationof flux density 37

GUESS guess for initial values for 3
iteration ( vacant )

MEMO 80

PRINTX 97

GRAPH making tabular and graphical | 356

MONITO forms of calculated results 114

CLEAR initial zero clear 56

FUNC function programme for 17
BUBBLE
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A4-3° Input data

Table A4-2 is a complete set of datafile for the full
model. A users' manual is available in the separate short
report [46]. Characteristics of this data file are as follows:-

1) Any elements and compounds can be included as long as
proper data are used for atomic weights (Tine 19-24 in the
datafile), stoichiometric factors (1ine 25-29), changes of
enthalpy and entropy for formation of compound (1line 57-88)
and activity coefficients (1ine 89-96).

2) In the present work, one commonfile was used in simulations
for de-P/de-S, de-Cu/de-Sn and Cr slag cleaning.
Element identification numbers are:

i 1 23 45 6 7 8 9 101112131415 16

element 0 S C C Fe Fe Cu Na Sn CaMn Si P Mg Al Cr

The number of elements involved in a particular simulation
is set by the variable imachhiCh is indicated in Table A4-2.

3) General features of the system simulated are set by ten
variables, MODEL (1) ~ (10), which are indicated in Table A4-2.
i) MODEL (1) defines gas phase characteristics.

= 1 : oxidising gas phase,
= 2 : reducing gas phase.
= 3 : no gas phase except for CO formation.

ii) MODEL (2) defines temperature conditions:-
= 1 : isothermal.
= 2 : temperature change is calculated.
iii) MODEL (3) defines the characteristics of the activity

coefficients.

= 1 : constant activity coefficients.

2 : varying with temperature and bulk composition,
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Table A4
-2 One c
omplete set of datafile for th
e full model
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#v) MODEL (6) and MODEL (9) define SnS and Na vaporization
at the meta]/s]ag interface respect1ve1y

v) MODEL (7) defines behaviour of carbon content in the
metal phase.

= 1 : no auxiliary carbon supply.
.= 2 : carbon is supplied through erosion of graphite
crucible to maintain carbon saturation.

vi) MODEL (8) defines the existence of a metal/gas interface.

. =1 :'no metal/gas interface except for CO formation
and/or SnS vapour, Na vapour formation.

= 2 : a metal/gas interface which has S (1,3) [mzj inter-
facial area.

=3 :.metal/gas bubble (argon) interfaces which have
characteristics defined by gas flow rate QN
. [N1/min], gas temperature Tg [K3, dwe11 time
tp [S1, initial volume of a bubble V' [m 1,
.vert1ca1 position of tip of bubb]1ngr1ance [m]
atmospheric pressure Pr [atm], which are indicated
in Table A4-2.
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A4-4 Output results

Results can be obtained in tabular forms and figures from

a line printer. - Features of outputs are outlined below.

1)

2)

3)

Characteristics of system simulated are printed out first
of all, as shown in Table A4-3.

Changes with time of concentrations of all phases and flux
densities are printed out in a special arrangement which

is explained in Table A4-4., In this arrangement it is easy
to see both bulk and interfacial concentrations and flux
densities caused by the concentration difference between bulk
and interface.

Some graphic forms of changes of essential parameters in the

system are available.

e.g. 1) changes of the bulk concentrations in the metal
phase (see Fig. A4-2).

ii) changes of interfacial oxygen and sulphur
activities etcetera.
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Table A4L-3 Characteristics of the system simulated ( a
output of the full model ).
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concentration flux density flux density of
( mole fraction ) (mol/m%s) metal reduced at
slag/gas interface
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APPENDIX-5

THERMODYNAMIC® AND KINETIC DATA

The mathematical model requires a complete set of thermodynamic
and kinetic data.

This model is governed by equations for 1) chemical equilibrium,
ii) flux density continuity and iii) mass conservation. Equations for
chemical equilibrium require Gibbs free energy change, 2%, as
thermodynamic data co-responding to the standard states of activities
defined in the model. Equations for ii) and iii) require activity
coefficients for all species, (since concentrations are used in these
equations,) also mass transfer coefficients for each species in each
phase.

1) Gibbs free energy changes for compound formation, AGC,
Data are mainly quoted from the compilations of Kubaschewski
and Alcock [15] and Turkdogan [13]. Data used in this work are

summarised in Table A5-1.

2) Activity coefficients of elements in the metal phase.
Activity coefficients fi are calculated for par;ieu]ar metal
compositions by using interaction parameters e(g) which are
summarised in Table 3-1. The activity coefficient for iron
is calculated by Gibbs-Duhem integration of the activities

of solutes (A5-1)
xFed 1n CE xd 1n ag = 0 (A5-1)

(c)
C

Using e = 0.14, one can obtain

In Ype = 6.93 (In {1-4.65 [wt%C]/100}
+ 4.65 [wt%C1/100) (A5-2)

YFe is plotted against [wt%C] in Fig. A5-1.

3) Activity coefficients of compounds in the slag phase.
For NaSq.s-FeS mixed slag for de-Cu/de-Sn activity coefficients
are summarised in Appendix-6 [17], [24]1, [29], [43].
For de-P/d-S, the activity coefficients used are those of
Ohguchi [10].
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Table A5-1 Thermodynamic data ( Gibbs free energy change,

“ (1)

cal/mol ).

Comparison of thermodynamic data relevant to de-Cu,

REACTION

reference(15)

| reference(13)

HEACTION

reference(15)

reterence(13)

(a) Cu + lﬁ§0
Cu+§S=CuSO.5
Cu*k(82)=CuSO 5
CuSq 5=Cudg, 5
Cu=Cu

NaS
NaSo 5
HuSO 5
Na=Na
Na=Hla
Na={Na)

=Na+48
-NaS 0.5
—Haf}(s )

0.5

56300-29.85T

5 = LuSy g
-9500-2.727

1300-0.93T

-3100+2,29T
44750-6.56T

26000-24.45T

+ (Na) ; overall,

-15800+3,68T
1100-0.77T
-3100+2, 307

-3150+42,52T7
52500-17.2T
620-1.67T
24,200-21.01T

55750-30.48T

(d) cu + KE =

Cut(F,)=(CuF)
KE=4(F,)+(K)

Cu +KF={CuF) (K)

(CuF) + (K) ; over

all.

5000-15.8T
145190-33.97T

150190-49.77T

HH4MM
2Cu+MnS

=2Cu8 5+(Mn)

= 2 gus

62770-15.40T

0.5 * (on)

overall,
-17800+5.21T

56350-24.18T
83520-29.16T

(b) 2.Cu + gaCl,

Cu+4(C1,)=CuCl |
Cu+$(C1,)=(CuCly
(CuCl=CuCl
Cu=Cu
CaClz=Ca+(012)
QEQ}2=§£+(012)
CaCl,=CaCl,
Ca=Ca)
Ca+Ca)
2Cu+CaCl,
=2CuCl+(Ca)

= 2 CuCl
-32800+13.97T

+ (Ca

~46500+23,60T
-3100+42.29T
190200-38 24T

42600-27.04T

157680-31.077

) ; overall,

15120-15.96T

190900-34.89T
-6820+6.53T

37720-20.82T
165860-40.43T

(r) 2 Cu + MgS

Cut+}(s )1CuSO”5
MgS= (Mg)*b(b )
2Cu+MgSs

=20u8; 5+(Mg)

224 .5

134350-48.75T

+ (Mg

)

{ overall.
-17800+5.217T

98750-38.33T

(g) 2Cu + CaS = 2 CuS

Cufi(S )= GuSO 5
CaS= (Ca)+ﬁ(S )

2Cu+CaS
=2Qg§0.5¢(ca)

168360-45.72T

0.5' + (Ca) ; overall.

-17800+5.21T

132760-35,3T

(c) 2 Cu* CaF,
Cu+é(F2)=CuF
Cu+d(F,)=(CuF)
CaF2=Q3+(F2)
Ca=Cq)
CaF,=CaF,

2
2gg+CaF2=

2CuFi (Ca)

= 2(CuF) + (Ca) ; o
not sufficient datT

:

verall,
5000-15.8T
285000-35,0T
37720-20.82T

-710044 . 20T
325600-83, 22T

FeS=FeS

(h) 2 Cu + FeS

Cu+1(S,)=Cus
FuS=Fa14(5,)

0.5

2Cu+FeS

—ZCugo 51__

= 2 CuS

CuS, gt Fe

-7730+5.217T

overall.
-17800+5,217T
39200-14.6T

-4130+1,09T

65¢



(2) Thermodynamic data for the full model.

(a) Gu + 458 = Cu§;) 4
Cu‘{(Sz)=CuS

0.5
CuSq 5=Culy s

(b) Na

(c) Na = (Na)

(a)

[42]
=
-+

Sn S, = Snd
Sn+4(8,)=(8n8)

(e) Sn + 8 = (SnS)

-15750+3. 68T
1075-0.77T
-312042.30T
-8000
16140-6.82T

-9655-1.61T

-52500+17.27

3150-2.52T

1614,0-6.82T
~-31000+2,9T

-64210+10,767T

24220-21,01T
-31000+2.9T

-6780-18.11T

6200-11.8T
-34000+22.T
-3800
32280-13.64T

680-3.44T

70740-24.59T
-3800
680-3,447

34700-25,4T

. .. i I
= dissolved in iron‘t

— ﬁz@id

{erence

1.0
0.95 .
(13) ©]0.90 i
gz
0.8% .
0.80L 4
e 1 1 4 i 1 L 1 1

(13) 4] 1 2 3 4 5
wt$C in molten iron

Fjﬁ? A5-1 Activity coefficient of

iron in the Fe-C system

( calculation ).
(17)

09¢
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4) Mass transfer coeff1c1ents k [m/s] [111, 0121, [14]

It is assumed that mass transfer coefficients for a]] species
have a common value in each phase

Rate phenomena are characterised by a reference time,
tref [sec].

teer = .Vﬁ/kms

tref can be determined by experiment.

Using km/ks' = /Dm/DS

subscript m denotes metal phase.
s denotes slag phase.

D denotes diffusion coefficients.

one can obtain km and ks values.
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APPENDIX-6

ACTIVITY AND ACTIVITY COEFFICIENT IN THE SLAG PHASE.

In both the steady state model and the full model, all compounds
in the slag phase are expressed as a form MXO, here M is a metallic
element and X is usually selected as the Raoultian standard state
for the compounds in the slag phase.

An important region for CuSy.s is between xCuSo.s = 0 and XCuSU.s ~ 0.1,
In this region y is dependent on the components chosen for the analysis,
e.g. Cu,S-Na,S or CuSy.s - NaSy.s. It is possible to calculate the
dependency of activity coefficient on a slag composition which is changing
with time. The choice of components which give constant activity
coefficients convenient for analysis. The form MXc is chosen because it
displays this convenient behaviour and also because the equilibrium of
this system is described in the Tinear equation as far as metallic element
M is concerned. Generally the reactions concerned are written using the
formula (A6-1) or (A6-2). '

- . Ao . -
nM +mX--Mn Xm 5 AG (A6-1)
where n and m are integers

M+ X =MX s '/ . aG° (A6-2)

An equilibrium constant, K1, for the formula (A6-1) is

Ky = aMnX P/aM - Ay (A6-3)
m
An equilibrium constant, K,, for the formula (A6-2) is
1/n
K=a /a .a™(x, ) © (R6-4)
C MXm/n M X
a_and a have a Tlinear relation from the equation (A6-4) but

ﬂv and a have a non-linear relations.
& nXm



263

~<

‘Activity coefficients in the CuS,.s-FeS system are obtained as
follows:-

The relation between activity and composition in the Cu,S-FeS
binary system was derived by Topkaya [18].

This relationship can be transformed to the Cus}.s—FeS system
in_the following way. The relation of these'twolbinaty §ystems are

described by the equations:- . /
»
= -t - (A6-5)
FeS FeS FeS [ ' .
XCuSg.s = 2%Cu,s/(T+%cy,s) L (A6-6)

where superscript A denotes Cu,S-FeS system.
superscript B denotes CuS,.s-FeS system.

i.e. xA is mole fraction of FeS defined in Cu,S-FeS system.
FeS ‘ - ’
Activity coefficients in CuSy.s-FeS siEtem are expressed by

activity coefficients in Cu,S-FeS system.

= - A R - A‘ ‘ o / | -
TCuSy.s (1»1/2erS).{(KbuZS/(1 xFeS) S, (R6-7)
¥os ey and ) (_ (A6-8)

FeS : EeS FeS.

Calculated results are summarised in .Table A6-1. In CuSp.s -
Feg.s Sg.s system(c), dctivity coefficients are transformed from

-

Cu,S-FeS system (A). .

~

N

XFeq.s Sees T ¥Fes (A6-9)
XCuSo.s . T Fou,s B (A6-10)
%?30:3'5;'5 - F /YFes/xFes | | - (re-11)
TCuSo.s . =j YCuzs/"'xc_m‘,_g . (A6-12)

Activity - Composition relations in these three systems are shown
in Fig.”A6-1 .
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Table A6-1 Transformation of activity coefficients from the Cuzs—FeS
system to the CuSO 5—FeS system ( in the lower concentration
region of Cu2$ P Xcy g<0.10 ).

2

(A) CuZS—FeS system ( system-A ) (B) CuSo 5~FeS system ( system-3 )

*FeS  “Cu,S Yeu,s” XFes Cusy ; PCuSy s
1.0000 0 0.0696 1.0000 0 -
0.9899 0.0101 0.0722 0.980 0.020 1.3L
0.9796 0.0204 0.0749 0.960 0.040 0.97
0.9691 0.0309 0.0778 0.940 0.060 0.81
0.9583 0.0417 0.0809 0.920 0.080 0.71
0.9474 0.0526 0.0821 0.900 0.100 0.65

1) * = exp(3.595x -2.665) by Topkaya(18).
yCu2S Cu25
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1.0
FeS (A)
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Fig.pA6-1 Activity-composition relationa in the three

systems.
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1 1 1 1 1 1 1
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Temkin's ideal solution

(b),NaSo -FeS system (B).

5

enme———— Topkhya(18) data converted to
the system (C)

Tenmkin's ideal solution

(c) Naso.5—Feo'5SO.5 system (C).

at 1250° C
1.0 T T T T T T T T T
N
N
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N a
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’
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Activity coefficients in NaSy.s-FeS system, (B), can be derived
from those in Na,S - FeS system, (A), which are available from Tapkaya
[18].

B = xh s eM ) (A6-13)
FeS FeS FeS

X = (1= -2y | | (A6-14)
NaSQ 5 FeS Fes )

o= 2 ahed ) (36-15)
FeS FeS FeS
(1ot /a? — )
Mas.s = (1717260 ) j s (1 ) | (A6-16)

Calculated results are shown in Fig. A6-2.

For NaSg.s - CuSg.s5 system,

YNEiSt).s =jYNa2$ / XNaas (A6-17)

YCuS,. s =‘[-nm23 / (=xy, o) ' (A6-18)

Calculated results are shown in Fig. A6-3.



&Na,S’ ®Cu

at 1250° C
1.0 T T T T T T T T ¥
v
N\ /
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N\ 7/
\\ 7/ 4
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\ 7/
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- N // 1
\\ 7
0.6} N e -
a a \\ //
n Nﬂzo Y .
VAR
/ \\
0.4} / \ -1
/ ) \\
L / a -
7 Cuzs\
7/ N\
0.2} / N -~
’ AN
7/ AN
o / \ -
// \\
0 & 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
NaZS Cuzs

xCu28 (mole fraction)

Temkin's ideal solution

O——0Oexperiment by Topkaya(18)

(a) Cuzs-Na S system (A).

2

Fig.a6-3 Activity-composition relations.

P |

,a
NaSy 5

uSg 5

at 12509 ¢

1‘0 L T T 1] /l L T 1) 1)
o ) 4
a
. NaSO'5 -
s .
a
0.5L CuSO.5 -
| i
1 1 1 1 1 1 1 L 1
0 ‘0.5 1.0
Naso's CuSO.
» xCuSO (mole fraction)
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Temkin's ideal solution
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