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SYNOPSIS

A room temperature model has been developed which, simulates certain 
aspects of the slag-raetal-gas reactions that occur in L.D. steelmaking. In 
the model the molten iron was represented by a pool of sodium amalgam, the 
slag by a mixture of water and glycerol and the oxygen by a hydrogen chloride- 
nitrogen jet. Droplets of amalgam ejected from the bath by the impinging 
gas jet, reacted with the hydrogen chloride dissolved in the model slag to 
produce bubbles, thus forming a dynamic foam.

To gain more information about the fundamental refining processes in 
the model, the behaviour of single droplets of amalgam in acid media has 
been studied. When the sodium content of individual droplets was high, the 
rate of reaction was controlled by the discharge of hydrogen ions at the 
reaction interface, with rate dependence on the hydrogen ion concentration 
in the aqueous phase. This is analogous to decarburisation rate control by 
transport of oxygen ions in the slag phase.

Under hydrogen ion discharge control, the refining rate in the model 
converter initially increased but eventually attained an approximately 
steady value. The level of this rate plateau was shown to be strongly in
fluenced by the rate of transfer of hydrogen chloride from the jet gases to 
the slag phase. Similarly in oxygen steelmaking the decarburisation rate 
plateau has been shown to be determined mainly by the oxygen blowing rate.

The model converter has been used to qualitatively investigate the 
effect of lance height, jet momentum and mass flow rate of gaseous reactant 
into the reaction vessel on the mean plateau refining rate. The results 
obtained compare favourably with analogous variables in steelmaking practice. 
In addition the effect on the refining rate of pressurising the reaction 
vessel has also been investigated. An improvement in refining rate was 
achieved, partly due to improved slag-metal drop contact and partly tc in
creased hydrogen chloride flow rate. It is not believed that such a



significant improvement would be achieved for steelmaking conditions al
though there might be some advantage derived from improved control over 
slopping at high oxygen flow rates.

When the sodium content of single amalgam droplets fell below a 
critical level, determined by the acid concentration in the aqueous phase, 
the rate of’reaction became controlled by sodium transport to the reaction 
interface.This is analogous to decarburisation rate control by carbon trans
port within iron droplets. In both the model converter and in steelmaking 
this gives rise to a progressively decreasing refining rate.
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SYMBOLS

Area
Molar concentration of "iu
The ratio of sodium removal rate to the rate of HC1 transfer to the 
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Height of lance tip above surface of metal bath
Reaction rate constant for hydrogen ion discharge
A transport parameter
Jet momentum
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Mass transfer coefficient
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Mean fraction of foam height through which bubbles must rise at the 
own velocity of rise.
Angle at which droplets leave jet impingement crater.



Fraction of amalgam droplet surface in contact with, a particular 
phase
Density

\Mass fraction of 1 i1
Surface tension
Interfacial energy
Life time of droplets in foam.
Viscosity
Number of metal droplets produced per unit time.



SUBSCRIPTS

Aq Pertaining to the aqueous phase.

Av An average value.
B Within the bulk of a phase
b Pertaining to the metal bath.
bub. Pertaining to bubbles
C Carbon
CaO Lime
Cl Chloride ions
CO Carbon monoxide

con Pertaining to the continuous phase.
crit Critical composition for change in rate controlling mechanism
d ! Pertaining to droplets!
eq Pertaining to equilibrium conditions
F Foam
Fe Iron
PeO Ferrous oxide
G Pertaining to a gas phase
+H Hydrogen ions
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Hg Hydrogen gas
HOI Hydrogen chloride
H^O Water
i At an interface
I Initial composition
J Pertaining to the jet
L Pertaining to a liquid phase
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M Pertaining to the model system.
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NaCl Sodium chloride
02 Oxygen
Z"o7 Oxygen in solution in iron.
0 At zero time
R Surface of metal phase available for reaction.
S Pertaining to the slag phase.
St Pertaining to steelmaking
T Total surface of metal phase,
v Pertaining to the converter vessel.
II Pertaining to the stage II refining period.
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Since the initial plant trials in Austria during the early 1950* 
oxygen steelmaking has been extensively adopted in most industrialised 
countries, mainly at the expense of the open hearth process. It is esti
mated that at the present time, oxygen refining processes account for 
over half of the World steel production. During the last decade, develop
ment has mainly been concentrated on the L.D. process, as opposed to the 
Kaldo, Rotor, O.L.P., etc., although in recent years there has been re
newed interest in using tonnage oxygen in bottom blown converters.

A primary reason for the enthusiastic adoption of the L.D. process 
has been its ability to operate at extremely high refining rates, although 
this has been associated with control problems. These high rates which 
make the process so attractive from a production view point have never 
been completely explained or the mechanisms involved fully understood.
It is generally believed however that the formation of slag-metal-gas 
emulsions are a key technical factor in the commercial success of the 
process. By providing a high interfacial area for masstransfer, these 
dispersions of droplets and bubbles in slag are thought to be the vehicle 
for the extremely high refining rates observed. The development of a 
better understanding of the mechanisms involved would prove valuable in 
establishing better steelmaking control and in designing future processes.

Study of the actual foams and emulsions encountered in commercial 
L.D. steelmaking operations has been inhibited by the inherent practical 
difficulties associated with making measurements in complex high temp
erature systems and also by the vigorous nature of the processes taking 
place within the converter vessel. Room temperature models, in general, 
do not suffer from these limitations. The development of a suitable 
room temperature system, which would simulate certain of the more essential 
aspects of the gas-slag-metal interactions operative in the L.D. process, 
was therefore thought tc be desirable.



The work carried out during the course of this investigation fell 
into essentially four sections, which are described in the four principal 
chapters of this thesis. The relevant literature is reviewed in chapter 
two • In chapter three the preliminary experimental work involved in the 
develpment of the model converter system, based on the reaction of a 
sodium amalgam with an acidified aqueous solution, is briefly described. 
These simple'experiments served to confirm the viability of the model 
system chosen and prompted the more extensive studies described in 
chapter five. The results of the preliminary experiments also indicated 
the need for research into the itnhmental reaction mechanisms involved in 
the model process., ‘.this stimulated the single droplet studies described 
in chapter four.



2.1 THE L.D. STEELMAKDTG PROCESS

2.1.1 Introduction

The objective of the L.D. process is the conversion of molten blast 
furnace metal into steel. This involves the partial oxidation of carbon, 
silicon, phosphorus and manganese with an accompanying reduction in the 
sulphur level. Blast furnace hot metal for L.D. steel making ideally 
contains about 4 wt /£ C, 0.7 - 0.8 wt i  Si, 0.7 - 0.8 wt io Mn, 0.05 wt $ 
max.S and 0.15 wt io max.P.  ̂ In practice however, compositions vary 
widely depending upon the source of the iron ore. In some cases, special 
modifications have been made to the process to cope with particular 
compositional problems, e.g., the L.D.-A.C. process, which was speci
fically developed to cope with blast furnace metal with a high phosphorus 
content.

The essential feature of the L.D. process is the impingement of a 
jet of gaseous oxygen onto a bath of molten blast furnace metal, which 
may include cold scrap comprising up to 30i  of the charge. Vessels with 
capacities of up to 300 t are commonly in use today end are of the character
istic pear shape, with an opening at the top for charging and slag removal.
The taphole is situated on the front face just below this opening. Hot 
metal, scrap, lime and flux are charged directly to the vessel. At the 
end of the refining period, which generally takes about 15 - 20 minutes, 
the furnace is tilted to allow temperature measurement and the removal 
of samples for analysis. If the results are satisfactory the heat is
ready for tapping, if not, then a second or third reblow each of a few
minutes duration is applied. The steel is deoxidised and recarburised, 
if required, in the ladle.

The amount of literature concerning the L.D. process is consider
able. It is beyond the scope of the present work to attempt a complete 
review so that only relevant features with respect to the present work



are outlined. More general reviews have been published by Lange and
3 xby Walker and Anderson.

2.1.2 Oxygen Supply

Oxygen is introduced into the vessel through a water cooled copper 
nozzle and the jet directed onto the metal bath. Much of the available 
knowledge on the structure of jets and their interaction with liquids 
has been derived from model studies. These are discussed in section 
(2.2). A review of the available literature concerning the structure and

7behaviour of oxygen steelmaking jets has been published by Chatterjee.

In L.D. steelmaking the oxygen jet leaves the nozzle at supersonic 
velocity. To achieve such a jet, the gas is blown through a convergent-
divergent nozzle, the gas reaching sonic velocity in the throat and be-

!

coming supersonic in the diverging section. Much of the initial infor
mation on the structure of jets produced in this way was derived from 
work on jet propulsion. In steel making the situation is complicated 
by the fact that the relatively cold, jet gases are discharging into a 
very hot atmosphere, the reverse being true for jet propulsion. An
extensive study of the structure and behaviour of super sonic jets as

5applied to basic oxygen furnaces has been made by Smith. The converg-
ing-diverging nozzle is designed for a particular flow rate and opera-

4 5tion outside this will cause shock waves. The effect of these shock
waves on the processes occurring inside the vessel is not clear, but 
they may influence the entrainment behaviour of the jet and possibly 
the interaction of the jet with the liquid bath.

A gas jet impinging on a liquid surface produces a depression 
surrounded by a raised lip, from which small waves move radially out
wards. If the momentum is increased sufficiently, splashing occurs and 
droplets of the liquid are thrown out into the gas or slag phase above



8the hath . The blowing practice employed in L.D* steelmaking is such
that conditions are well within the range for considerable splashing to 

78, 81occur

Flinn has shown that the oxygen jet can penetrate deep into the
metal bath and may even contact the refractories at the bottom of the

£
vessel giving rise to severe erosion . Various attempts have been
made to predict the depth of penetration of the jet into the bath.

7ftThese have been reviewed by Chatterjee . Despite the large volume 
of literature, the true penetration during the course of an actual blow 
is not known. Meyer points out that as much as Q̂ffo of the metal charged 
may be dispersed as droplets in the slag, effectively increasing the 
lance height above the bath by an unknown amount. However, since decarb
urisation can occur within the bath, the metal may contain gas bubbles
which tend to raise the level. These factors oppose each other and vary

11throughout the blow

In the zone of impingement, oxygen goes into solution in the hot
Q

metal charge and iron oxides may be formed • Thermodynamic consider
ations indicate that the oxidation of silicon, carbon and manganese should

12occur preferentially . However, due to the great excess of iron in the
charge, iron oxides will undoubtedly form at the point of impingement

8and will be transferred to the slag .

i- o2 - Z~o_7
Pe -!• i  02 - (PeO)

The actual distribution of oxygen between the slag and the metal is not 
known since it is a complex function of a number of variables, includ
ing lance height and oxygen flow rate.

Once the blow is in progress the jet will be discharging into an 
atmosphere of carbon monoxide and the lance tip may even be submerged



9in a layer of foam . The constituents of the foam may become entrained 
into the jet to be oxidised still further.

CO + j? Og COg

2(Pe2+) + i 02 - 2(Pe3+) + (02“) .

Yakovlev has suggested that a considerable proportion of the free oxygen
may be consumed in this way before the jet, now composed of a mixture of

13CO, COgj slag and metal droplets, impinges onto the bath , Analysis 
of the waste gases leaving the vessel certainly indicate a high degree 
of oxygen utilisation, since they rarely contain more than 2$ 0^
Increased scrap melting rates may be induced by encouraging entrainment 
and combustion c>f CO to CO^ in the jet by slightly increasing the lance 
height

Flinn, using experimental L.D. furnaces with capacities up to 2t,
has shown that the oxygen jet is reflected at the metal surface, inducing

£
circulation patterns,within the bulk bath • The reflected portion of 
the jet provides sufficient shear forces at the liquid surface to produce 
radial motion outwards at the gas-metal interface, with the liquid re
turning downwards via the vessel walls and back along the furnace bottom, 
before rising centrally along the axis of the vessel to the point of 
impingement.

It is desirable to determine the optimum blowing conditions for a
particular plant in order to produce the maximum metallic yield, whilst
creating regular refining conditions so that the end point can be more
easily predicted. The most serious loss to yield comes from "sparking”,

15when metal is directly ejected from the vessel by the gas jet . This
appears to be associated with high jet momentums and lance heights which
are too low, especially in the early part of the blow while the slag

9cover is inadequate . Later in the blow a second type of ejection can 
occur which is associated with the formation of a foaming slag. If the



blow is too soft, then there will be inadequate turbulence in the metal
bath and the iron oxide concentration in the slag may become excessive.
In extreme conditions decarburisation becomes erratic and at times very 

6 64.violent * . This phenomenon, known as "slopping", when slag is ejected
from the furnace, lowers the metallic yield as a result of entrained
iron droplets and curtails the production rate because of the time
required to clean up the vessel lip ring. Skull formation on the hood

1 ̂
and lance may also become a problem " . Soft blowing at the beginning
of the refining period does however encourage early slag formation, which
is conducive to sulphur and phosphorus removal. A harder blow in the

15later stages favours decarburisation .

In recent years there has been a trend towards the use of multi
hole nozzles. These are claimed to produce more uniform decarburisation

15rates with reduced foam formation and hence less slopping . Experiments 
have been carried out with nozzles containing up to 12 holes, but in

17general the best results appear to be obtained with a 5 hole nozzle
It has been found that the optimum lance height for different lance types ,

5in a given furnace, all give the same impact area at the bath surface .
At their optimum lance height, the jet penetration achieved with multiple 
hole nozzles is equal to or greater than that of a single hole nozzle.

2.1.3 Slag Formation

The slags encountered in oxygen steelmaking processes are a complex
mixture of oxides containing up to 10 components together with small
quantities of sulphides and fluxes such as Ca • No single component
is present in sufficient quantity to be considered the solvent, however
certain simplifying assumptions can be made. The principal oxides present
are CaO, Si0o and PeO and it has been noted than the total concentration
of these components remains reasonably constant at about 80 wt through- 

18out the blow . It has been argued that the use of a pseudoternary



CaO* - SiO^ - FeO system (Figure l) gives a good approximation of the 
true position of the liquidus limits of typical steelmaking slags. With 
the L.D. - A.C process the P^content of the slag is too high to be 

ignored and the CaO - Sd-Ĉ  - ^2^5 ” 9aa^ernary system must be con
sidered

In the first few minutes of the blow, silicon, manganese and iron
18are oxidised producing a slag rich in SiO^, MnO and FeO . The early 

formation of a high silica content slag produces rapid fluxing of the 
lime. The slag layer adjacent to a lime particle becomes saturated in 
dicalcium silicate (C^S), the presence of which is thought to inhibit 
further dissolution. Fluorsparis frequently added to aid the lime solution 
process. The natural reserves of fluorspar in this country are however 
diminishing rapidly and this factor, together with growing fears concerning

i
the health hazards associated with its use, has prompted investigations
to find alternative fluxes. Materials such as manganese oxide, bauxite
and borates liave been tried as alternatives to fluorspar, but with mixed 

25success .

As lime is taken into solution, the composition of the slag moves
towards the Ge.O' comer of the ternary system (Figure l). The slag
composition may enter the (C^S + liquid) phase field during the second
third of the blow, resulting in the precipitation of C^S crystals in the 

18melt . Heats in which this occurs are found to be prone to slopping.
This is related to the increased tendency for foam formation, as a result
of the marked increase in slag viscosity associated with the precipi-

19tation of solid C^S crystals .

During the initial stages of the blow, the iron oxide content of 
the slag is high. This gradually decreases as lime is fluxed into the

4slag and as the decarburisation rate increases .

(FeO) + /cJ7- Pe + COf



In the later stages of the blow the iron oxide content again rises as
18 2+ / 3+ the decarburisalion rate falls . Analysis of the Fe / Fe ratio

in slag samples suggests that the oxygen potential of the slag may remain
21relatively constant during the middle portion of the blow . The final 

iron oxide content of the slag is a complex function of the lancing
22conditions i.e. the jet momentum, oxygen flow rate, lance height, etc. ,

Bardenheuer has noted that the slag temperature rises rapidly
during the early stages of the blow and can be as much as 30C,°C hotter

18 4̂.than the bulk bath * , The temperature of the metal bath increases
steadily throughout the blow so that at tapping the differential is less 
than 50°C 25.

2.1.4 Refining Characteristics

Thermodynamic data for the reactions occurring is well documented
and the predicted order of removal of elements in terms rf Heir equilibrium

26oxygen potentials has been calculated . The theoretical order of oxi
dation of impurities should be silicon, carbon, manganese. In order 
for phosphorus to be oxidised, the activity of must be lowered by
using a basic slag. Figure 2'shows the change in the composition of the 
metal bath during the course of the blow and it will be noted that the 
oxidation of the different impurities appears to be occurring simultan
eously The kinetics of the overall process still appear to depend
upon the removal of carbon and it is the description of the kinetics of 
decarburisation where controversy exists.

As predicted by thermodynamic considerations, most of the silicon 
is removed early in the blow. Initially the manganese content also drops 
rapidly as a .result of oxidation, but later a slight reversion occurs 
followed by a second fall near the end of the blew. The increase during



the middle of the blow is thought to be associated with either the melting 
9of scrap or possibly the direct redaction of manganese from the slag

as a result of temperature changes and variations in slag composition
3 23which affect the activity of MnO * . The early production of a basic slag

with a high iron oxide content ensures favourable conditions for the
20oxidation of phosphorus . Despite the highly basic slag produced, the 

relatively high oxygen concentrations attained in the metal bath inhibit 
sulphur transfer. Only about half of the sulphur initially present in 
the charge can be removed during the course of the blow, indicating the

29necessity for careful control over the materials charged to the furnace '.

The principal refining reaction is of course the removal of carbon.

f c j  + f o j ^  CO 

I £  CJ  + (FeO) ^  CO + Fe

The equilibrium relationship between the carbon and oxygen contents in
30 31the metal is well established * J . The oxygen content of the bath

increases in the early stages of the blow, reaching values well in excess
20of that in equilibrium with the carbon present . As the carbon con

centration decreases, the oxygen content in the metal approaches its 
equilibrium value, becoming close at less than 0.1 wt.^C. Fujii has 
suggested that at tapping the L.Dc process may be nearer to equilibrium 
than the open hearth with respect to the carbon-oxygen reaction. In some 
instances, values of the (wt io £ C___/ x wt £oJ) product below the
equilibrium line for CO at one atmosphere have been quoted, but the

^2 33significance of this is not clear " * .

The variation in decarburisation rate throughout a typical blow is 
illustrated in Figure 3* This may be idealised as shown in Figure 4 
effectively dividing the blow into three periods.

The rate of decarburisation initially increases until a steady



value is eventually attained, although quite abrupt fluctuations about
the mean rate can occur during this period. The initial increase in de-
carburisation rate appears to be critically dependent upon slag formation,
since the plateau rate is attained more rapidly if a preformed slag is

11retained from the previous heat . The plateau decarburisation rate is
generally believed to be controlled by the rate of introduction of oxygen 

34into the system . The carbon concentration in the bath gradually decreases 
until eventually the transport of this species in the metal phase becomes 
rate controlling and hence the decarburisation rate begins to decrease.
Carbon transport appears to become most important at compositions rang
ing from 1.2 to 0.2 wt.^C

One of the main problems encountered in developing control tech
niques is that the decarburisation path can vary considerably from cast

11to cast despite using apparently identical conditions . This behaviour-
15has been noted with heats in which scrap has been deliberately excluded

35and even when blowing onto simple iron-carbon alloy melts * . Meyer 
concluded that the process must be metastable and that minor differ
ences in chemistry or blowing performance could lead to major differ
ences in refining path.

The rate of decarburisation during the middle portion of the blow
is primarily controlled by the rate of introduction of oxygen into the
system. Ichinoe has shown experimentally that by increasing the oxygen
blowing rate the plateau decarburisation rate increases and the overall

36blowing time is shortened ' . The decarburisation efficiency cf oxygen
during this period is very high (80 - 100$). In practice the maximum
rate of delivery of oxygen is restricted to that which avoids unreasonable
amounts of material being ejected from the converter. This is reflected
in the fact that the blowing time is practically independent of the

l6converter capacity . Richardson has suggested that major reconsider



ation of vessel design will be required if refining rates are to te
34further increased . '

Much controversy surrounds the explanation of the high refining
rates encountered and in particular the decarburisation mechanism in the
L.D. process. Early theories were based upon the concept that refining
was principally taking place in a localised high temperature region at
the point of impingement of the gas jet on the bath. Okhotsk!, carrying
out experiments in a transparent crucible, has confirmed the existence of
a primary reaction zone where the jet contacts the metal and also noted
that gas evolution can occur from a secondary zone inside the metal bath,

37around the impact crater . Various workers have claimed to have de
termined the temperature of the "hot spot" in actual steelmaking furnaces.
Values range from 2000 to 2600 0 C, i.e. 500 - 900°C in excess of the

4 38 39average bath temperature . Mathematical models involving the
direct oxidation of C, Si, Fe, Mn and P by the oxygen gas at the point

40of impingement have been developed and reasonable success is claimed

The concept of decarburisation taking place entirely in such a 
localised ares, as the jet impingement zone is difficult to reconcile 
with the very high oxidation rates observed. Slag samples, taken from 
L.D. furnaces, were shown to contain droplets of metallic iron and this 
led to the theory that in fact the majority of refining was taking place 
in a slag-metal emulsion and not in the metal bath as had been supposed.

2.1.5 Foams and Emulsions in L.D. Steelmaking

Systems consisting of small liquid droplets or gas bubbles, dis
persed in a liquid medium, may be called an emulsion when the distances 
separating the neighbouring droplets or bubbles are large enough to 
allow the independent movement of the said drops or bubbles, v/hen the



volume of the liquid medium in a gas-liquid emulsion is small, as com
pared with the total volume of gas hubbies, the medium will be present
only in the form of thin films separating the adjacent bubbles. These

51cannot move freely and the system is called a foam .

It has long been known in open hearth steel making that a good 
deal of metal could be dispersed as droplets in the slag and that these 
droplets contributed to the decarburisation rate and the transfer of 
oxygen to the bulk bath Foaming slags in open hearth practice
were considered a hinderance since they inhibited heat transfer and 
oxygen transfer to the bath by increasing the diffusion distance, as 
well as interfering with the operation of the fuel burner

The existence of metal droplets in the slag in L.D. steelmaking 
has also been known for some time. Operators also realised that there 
was a relationship between the production of a controlled, foaming slag 
and the creation of favourable refining conditions, especially with 
respect to phosphorus removal It is only recently, however,
that foams and emulsions in oxygen steel making have been studied in 
detail and their full importance to the process has begun to be under
stood.

2.1.6 Contribution of foams and emulsions to refining

Evidence that most of the refining in the L.D. process was taking
place in a slag-metal emulsion, and not in the jet impingement zone,

16 49 50 51was obtained independently by Trentini and co-workers in France “
11 21and by Meyer and co-workers in the U.S.A. 1 . Meyer’s investigations

were carried out on a 230t. L.D, furnace, whilst Trentini’s were on an 
L.D. - A.C. plant.



During the course of a blow, the vessel was found to contain an
appreciable volume of slag-metal-gas emulsion. Tap hole ejections were
collected and the samples analysed. It was found that at times '$Qf/o or
more of the total metallic charge could be dispersed in the slag. The
majority of droplets collected were in the size range of 1 - 2 m.m, diameter.
The interfacial area available for the refining reactions consequently

2was very large, at times reaching 50,000 m in a 250 t. capacity con
verter

The results from the chemical analysis of droplets confirmed that
they were in a much more advanced state of refinement than the bulk
bath. The absence of any droplets containing very low carbon contents
added weight to the theory that oxygen transfer in the slag and hence

34the oxygen blowing rate, was rate controlling . It was tnought thar
!carbon diffusion did not become rate controlling until the carbon concen

tration dropped to about 0.35 wt. $ C. Meyer suggested that at the height 
of refining most of the decarburisation was occurring within the slag- 
metal emulsion and that over the entire blowing period as much as two 
thirds of the total carbon present was removed in this way, rather than 
from the bulk bath. Trentini noted that the conditions within the emul
sion were especially favourable for dephosphorisation.

The residence time of droplets in the emulsion has been estimated
21 Q to be about 3 minutes by Meyer and 2 - 2. 5  minutes by Price

Residence times may however very significantly throughout the blow
depending upon the volume and fluidity of the slag.

The mechanism proposed by Meyer for the decarburisation process, 
involved the unsteady state transfer of oxygen from the slag to drop
lets, which were completely surrounded by slag. Since the metal drop
lets could exist surrounded by slag for some period of time without 
contacting a 00 gas bubble, a high degree of supersaturation could be



achieved with respect to the carbon-oxygen reaction,, 00 may be discharged
ITby a number of mechanisms :

(a) By coming into contact with CO bubbles rising through the 
slag.

0>) Heterogeneous nucleation at the slag-metal interface especiall;
in the presence of solid particles in the slag.

(c) Homogeneous nucleation - the observed carbon and oxygen con
centrations were sufficiently high to suggest the possibility of this mode 
CO bubbles formed in this way would grow at an explosive rate, leading 
to the destruction of the droplet and creating a still finer dispersion.

Meyer envisaged that the refining of droplets involved a cyclic 
oxidation and discharge process, each cycle taking as little as 10 seconds 
In the first cycle, silicon would be oxidised and might retard the sub
sequent oxidation cycle.

Hazeldean has studied the decarburisation of single droplets in
oxidising slags and suggests that the nucleation of CO bubbles may not
be as difficult as once thought. It was shown that gas could be evolved
continuously from the surface of a reacting droplet, although this may

128 129have been assisted by the close proximity of the crucible wall ’ •

The techniques used by Meyer and Trentini have been criticised, 
since it is not known how representative the emulsion samples were of 
the conditions inside the furnace. The results do show that foams and 
emulsions can form inside the steelmaking vessel and do create a large 
surface area for reaction, although what proportion of the overall re
fining processes occurs within them is uncertain.

Wester has shorn that a carbon boil can occur within the metal
56bath in the later stages of the blow . Under normal blowing conditions 

this commenced after about 7jf° of "kho initial carbon present had been



removed. Refining in the first part of the blow was thought to occur 
principally in the slag-metal foam.

Price has attempted to remove samples directly from the vessel 
during the course of the blow using a weighted sample mould attached to 
a length of chain. Slag-metal emulsion solidified on the chain while a 
metal sample was simultaneously obtained from the mould. He estimated 
that during the course of the blow, only about one third of the carbon 
in.iti.ally present was removed in the emulsion, and that the maximum 
proportion of the total metallic charge which could be emulsified at any 
time, was only about 1 jfo. Unfortunately, Price was unable to take samples 
earlier than half way through the blow. Also, doubts have been expressed 
about the reliability of this technique for assessing the degree of 
emulsificaticn, since it is possible that the number of dispersed drop- 
lets may be consistently underestimated .

Questions have been raised concerning the necessity fcr a slag-
metal emulsion at all. In experiments in which either the amount of slag 

o 5was minimised or in which a "dry slag5’ was produced, it has been
shown that decarburisation is unaffected by the absence of an emulsion 
52 53 63. Decarburisation as a result of the direct interaction be
tween ejected metal droplets and the gases above the bath may be important
here. (See section 2.3*4(a)). Unfortunately these conditions are not

52conducive to good, depliosphorisation . There is also evidence that The
55presence of a roaming slag may inhibit fume formation .

Okano, after development of a mathematical model from practical
considerations, has estimated that 75^ of the carbon present is removed
in the jet impact zone, 20fo in the emulsion and the remainder by the
nucleation of bubbles in the bath. His estimate of the oxygen-metal
interfacial area appears to be much greater than the slag-metal inter-

5 Afacial area, which is difficult to reconcile with emulsion formation *.



2.1.7 Formation and Stabilisation

The multiphase bubble dispersions encountered in LD steelmaking 
consist of gas bubbles, droplets of metal, minute solid oxide particles 
(e.g. precipitates of C^S) and larger particles (e.g. lime) suspended 
in the liquid slag. The foam is dynamic in nature, in that its stab
ility is dependent upon the continued evolution of CO from dispersed
droplets and to a lesser extent from the bulk bath. If gas evolution

51ceases or is reduced significantly, then the foam collapses ' .

Metal droplets are ejected from the bulk metal bath into the slag 
phase by a combination of:

(i) The action of the impinging oxygen jet.
(ii) The action of CO bubbles rising out of the bath into the

slag.
(iii) The resultant turbulance on the surface of the metal bath where 

surface waves impinge on one another
Of these primary modes of droplet formation, (i) is undoubtedly the
most important.

Secondary emulsification may occur by the ejection of metal particles 
from droplets already in the foam, as a result of the nucleation of GO 
bubbles within the droplet 128, 129^

The CO evolved from a droplet may help to stabilise its presence
within the slag phase. Hazeldean has shown that the presence of gas
bubbles around and within a reacting droplet can cause it to be buoyed 

120. 129up ' . There is evidence that this can occur in steelmaking foams
and hence will prolong the length of time the droplets are retained in 
the slag phase 1 »̂ 5̂ * 52̂

Although the slag-metal--gas emulsions encountered in L.D. steel- 
making are essentially dynamic in character, accounts ate. given in the



literature of mechanisms, on the basis of which, some degree of stab
ilisation appears feasible. Possible mechanisms for the stabilisation 
of foams and emulsions in iron and steelmaking have been discussed by 
Kosakevitch ^ .

High viscosity of the continuous phase is perhaps the most obvious 
factor stabilising both foams and emulsions. The presence of large, com
plex anions in the melt increase viscosity significantly. In typical 
basic oxygen furnace slags, the anions are small and move easily. It 
therefore appears improbable that this will contribute significantly to 
emulsion stabilisation, except possibly in the very early stages of 
the blow, whilst the slag temperature is low and silicon is being oxidised

The apparent viscosity of a slag may however be increased signi
ficantly by the presence of a suspension of fine solid particles. Small 
quantities of suspended matter may stick to the surface of droplets or 
bubbles, preventing coalescence and inhibiting their separation from the 
system. The precipitation of dicalcium silicate in the LsD* pi’ocess and 
the siliccphosphate phase/(*2CaO, SiO,,) (̂ CaO.PgOp.) solid solution/in the
L.H.-A.C. process are known to be associated with excessive foam formation

, - . 16, 21, 51and slopping 0

On account of their large surface areas and the high interfacial 
energies associated with slag-metal-gas systems, the foams and emulsions 
encountered in steelmaking tend to be unstable. The adsorption of - surface 
active solutes at the interface may assist stabilisation by lowering the 
interfacial energy. An extensive review of interfacial phenomena in

^Qmetal and metal oxide systems has been presented by Kosakevitch .

SiOp, TiOg, Fê O.;, and especially have all been shown to lower
the surface tension of steelmaking slags. Cooper and Kitchener have 
experimentally assessed the stability of foams in the SiOp-CaO-PpOj-system



Simple CaO-SiO^ melts never gave a stable foam, but the decay time was 
sufficiently slow to suggest that a dynamic foam could be sustained.
The addition of brought about a marked increase in foam stability
in melts containing greater than 50 mole °lo SiO^. It was suggested that 
the high concentration of these surface active oxides at the interface 
could, in acid slags, result in the formation of a monomolecular film of 
anions, which would be more complex than those in the bulk melt. This 
film would have a much higher viscosity than the bulk slag and would 
consequently inhibit bubble coalescence and bursting. In basic slags of 
the compositions encountered in L.D. steelmaking, such complex groups 
will not form. Cooper and Kitchener noted that in slags containing less 
than 50 mole $ SiO^, ^2^5 ka& little or no effect on foaming.
Adsorption phenomena are thus unlikely to be important except in the very
early stages of the blow, before significant amounts of lime have been

I
taken into solution •

Little practical work has been carried out on the study of the
adsorption of silicate and phosphate groups at metal interfaces, although

60mechanisms have been suggested by which droplet stabilisation may occur 
Again these mechanisms only appear feasible in acid melts.

The surface tension of iron, and iron alloys is lowered sig-
59nificantly by oxygen and sulphur in particular . It has been suggested

that spontaneous emulsification may occur when transfer of a surface
active agent such as sulphur or oxygen is occurring. A concentration
gradient of surface active elements along the interface can result in an
interfacial energy gradient which may set up interfa,cial turbulence.
This could create low pressure regions in the interfacial zone which

59 6lmay lead to spontaneous emulsification 5



2.1.8 The Final Stage of Decarburisation

In the later stages of the refining process, the rate of decarb
urisation begins to drop below the plateau value and becomes dependent 
upon the carbon concentration in the metal. This cau occur at composi
tions varying between 1.2 and 0.2 wt $ carbon depending to some extent

62upon the oxygen blowing rate . ' As the carbon content of the bulk phase 
approaches that of the emulsified metal, the emulsion begins to collapse, 
since not enough CO is being generated to sustain it. The decarburisation 
rate in these latter stages is believed to be dependent upon carbon trans
port within droplets in what is left of the emulsion, and within the bulk 
metal phase

During this period, the rate of decarburisation is no longer de
pendent upon the rate of oxygen supply through the lance, except in so 
far as the action of the oxygen jet supplies momentum to the bath for 
continued turbulence. In the production of very low carbon steels, 
therefore, lower blowing rates than those commonly used for refining can 
be employed

Szekely and Tod.d have attempted to relate the diffusion paths for 
carbon and oxygen through the emulsion to the composition at which the 
rate becomes dependent upon carbon concentration During the period
of steady decarburisation, they showed that the diffusion path for oxygen 
was much longer than that for carbon. The composition at which carbon 
diffusion became important was shown to be variable, depending upon the 
geometric structure of the foam. In their model however, they considered 
a slag-metal-gas emulsion in which metal was the continuous phase. In 
L.D. steelmaking emulsions, the slag is generally believed to be the con
tinuous phase, although the presence of an inverted emulsion in the metal



2.2 MODEL STUDIES OF L.D. STEELMAKING-

The inherent practical difficulties associated with the study of 
the mechanisms operative within the L.D. vessel, has prompted a number of 
workers to develop room temperature models in order to simulate certain 
of the processes occurring. In some cases a model has been used to study 
a particular aspect of the process, e.g. the interaction between a gas 
jet and a liquid bath, interaction between a gas jet and a foam, slopping 
or splashing. In other cases, attempts have been made to study a more 
complete model of the process by involving a chemical reaction between 
the gas jet and the bath which produces a gaseous product.

2.2.1 The Jet Impingement zone

A gas jet impinging onto a bath of liquid produces a depression
79in the surface. Rosier and Stewart have defined three modes of inter

action between a vertical jet and the liquid:
(i) With a low jet momentum and/or a large lance height, a shallow 

depression is produced which has cylindrical symmetry about the vertical 
axis of the jet.

(ii) With increased jet momentum and/or reduced lance height, the 
depression becomes deeper and is frequently surrounded by a raised lip.
At some critical depth droplets begin to be torn from the lip of the
crater. This is known as the splash mode.

(iii) With further increase in velocity or reduction in nozzle height, 
much deeper penetration into the bath takes place, accompanied by an 
apparent reduction in the amount of outwardly directed splash. The 
impact crater becomes unstable, oscillating non-symmetrically about the 
vertical axis of the nozzle and possibly dispersing bubbles of gas into



the liquid phase. This is known as the penetration mode

The geometry' of the depression produced by the impinging gas jet 
may be influenced by the jet momentum, the lance height, the nozzle 
diameter and the physical properties of both the liquid and the gas phases.

fl rjrj
Numerous investigators have attempted to develop a relationship
between these parameters, often with the aid of room temperature models.

7ftThis aspect of jet-liquid interaction has been reviewed by Chatterjee
81and it is not proposed to elaborate further on this. Chatterjee has

suggested that the most widely applicable solution for the depth of
72 73depression formed is that developed by Wakelin ’ .

. 2
n 0 1 + M  = 115 M -2.1
h i  h J K  /^gh5

Meyer has expressed doubt about the usefulness of relationships 
of the type shown above in practical steelmaking operations, since the 
true lance height is rarely known and often varies throughout the blow.
The formation of a slag-metal emulsion effectively increases the lance 
height, whilst the presence of gas bubbles within the bath reduces the 
lance height. In addition, the position of the bulk slag-metal interface, 
for a given charge weight, will vary throughout a campaign depending on 
the state of wear of the refractory lining.

Few studies have been made of the conditions governing the onset
79of the penetration mode. Rosier and Stewart have investigated the

effect of varying the surface tension of the liquid phase on the jet
penetration characteristics. By studying the impingement of an air jet
onto various water-ethanol solutions they were able to establish the
regimes for stable, oscillating and splashing surface indentations, as

80a function of jet velocity and surface tension. Molloy has suggested 
that the oscillations and rotation of the depression associated with the 
penetration mode arise from instabilities inherent in the gas flow system.



He showed that a jet could oscillate if directed into a blind cavity
in a solid block. Using a slice model he established the conditions
under which the penetration and splash modes occurred, for an air jet
impinging onto water. Extrapolation of these findings to commercial

9steelmaking operations suggest that the jetting conditions are well
within the regime for the penetration mode. This is in agreement with 

£
Plinn’s suggestion that the optimum refining conditions are produced 
when the oxygen jet penetrates to at least Q̂ffo of the depth of the metal 
bath.

The effect on jet penetration of covering the bath with a layer of
liquid of lower density, to simulate the slag layer in steelmaking, has

o5not been fully investigated. Maatsch , studying the interaction of an 
oxygen jet with aqueous zinc chloride solution, noted that the presence of

f

a thin layer of oil on the bath increased the depth of penetration at 
low jet momentums. The increase was less marked at higher jet momentums 
or when using a thicker oil layer. Turkdogans experiments with a layer of. 
oil on water showed that a dome formed in the lower liquid., below the 
jet impingement zone, when only the upper liquid was penetrated. In
creasing the jet momentum, so that the jet penetrated through the upper 
layer, led to the emulsification of the water in oil.

2.2.2 The Splashing Mode

Investigations using room temperature models have shown that splash
ing commences at a definite critical depth of depression for each system

66 68and hence at a critical impact pressure 9 . Early attempts to corre
late the physical properties of the phases in the system with the critical 
depth of depression for the onset of splashing are somewhat limited..
Banks and Chandrasekhara suggested that the density of the liquid and the



gas w e re important ^ , Rosier and Stewart ^  and Turkdogan ^  observed
a relationship between the surface tension and the critical depth of
depression. Mathieu noted that the onset of splashing was influenced by

76the viscosity of the liquid and to a lesser extent by the lance height

With the aid of dimensionless analysis and the results of model
78 81studies, using various liquids and gases, Chatterjee 9 was able to 

establish a relationship between the viscosity, density and surface tension 
of the liquid and the critical depth of depression:

| g p . j * n « r  - 0.53 log10 UH + 11.33 ■ -2.2

For, 10”4 <  <  105

where, = f  3

1i Chatterjee estimated that for liquid steel the critical depth of 
depression would be approximately 2 cm. Hie blowing conditions normally 
encountered in steelmaking produce a depression in the metal bath con
siderably deeper than this and hence extensive disruption of the slag 
and metal layers is inevitable.

Quantitative studies of the volume and size distribution of the 
liquid droplets ejected by the impinging gas jet are rather limited.

A number of workers have measured the total volume of liquid ejected
83from a model converter by an impinging gas jet. Chedaile and Horvais

found that the volume of liquid ejected from the vessel increased, with
increasing jet momentum, up to a maximum value. Any further increase
in momentum beyond this caused the volume of liquid ejected to be re- 

84- 8C 86duced. Sheridan j9 using a similar technique showed that a three
hole lance produced less ejections from the model than a single hole lance, 
The main disadvantage of this technique is that it does not give any indi
cation of the total volume of droplets splashed within the vessel.



78 81Chatterjee 9 used a series of trays situated at the surface of 
the liquid in order to collect the droplets ejected from the impingement 
zone. Experiments with water indicated that on increasing the jet momen
tum or decreasing the lance height caused the amount of splashing to rise 
to a maximum value. Beyond this, further changes caused a decrease in 
the volume of liquid splashed. The maximum in the volumetric splashing 
rate appeared to he associated with the onset of the penetration mode.

The presence of a layer of foam on the hath has heen shown to
87have a marked effect on splashing behaviour. KunLi studied the splash 

patterns produced hy jets, from inclined nozzles, impinging onto a hath 
of water covered hy a layer of foam. The presence of the foam layer 
reduced the number of droplets leaving the hath, although their size 
tended to he larger and their distribution more random.i

2.2.3 Bath Circulation

The transfer of momentum from the impinging gas jet induces motion 
within the metal hath. A number of workers have studied the flow patterns 
developed in models hy introducing coloured dyes or colloidal particles 
into the liquid hath ^ 9 ^ 9 The pattern generally devel
oped in the hath involves outward flow from the impact crater, down the 
side wall of the vessel, returning across the bottom and hack upwards to 
the impingement zone. Flinn has shown that this mode of circulation is 
probably produced in commercial steel making baths. Maatsch and Sheridan 
however, have shown that when jetting onto a liquid in which the jet gases 
are highly soluble, a flow pattern in the reverse direction may he establ-

89, 91ished

92Kluth and Maatsch have studied the interaction of a gas jet



with, a foam and have shown that the circulation pattern developed is 
critically dependent upon the lance height. When the lance tip was below 
the surface of the foam, the jet acted as a pump drawing the foam down
wards along the jet axis. When the lance tip was above the level of the 
foam, the flow pattern was reversed.

2.2.4 Mass Transfer from a G-as Jet to a liquid

A number of workers have attempted to model the transfer of oxygen 
from the gas jet to the liquid iron bath in the L.D. process. The most 
widely used model system involves the transfer of CO^ to either water or 
an aqueous solution of sodium hydroxide.

2NaOH + C0o -*• NaoC0x + Ho0

h20 + C02 —  e2co5

72 73Wakelin has experimentally determined the mass transfer
coefficient of CO2 from a gas jet to a bath of water and obtained good 
agreement with a quasi-steady state diffusion model. A marked depend
ence of transfer rate on the liquid surface velocity was noted.

99Dubrawka , studying C02 transfer from a jet to a bath of sodium
hydroxide solution, noted that an optimum lance height existed for C02
absorption. The rate of C02 absorption increased by about 40i° when
nitrogen was simultaneously bubbled through the bath. The presence of a
layer of foam on the surface of the bath was found to increase the reaction

97rate still further. This effect has also been noted by Bird .

The onset of vigorous splashing has been associated with an increase
Q/- QA YQ 0*|

in the rate of C02 transfer to the bath ’ Chatterjee * “ has



collected droplets ejected from a bath of water by an impinging CO^ jet 
and has noted that their CO^ content can be three to six times greater 
than that in the bulk bath.

Demin has used the transfer of ammonia to a bath of water, con
taining phenol phthalein indicator to assess the efficiency of mixing 
produced by an impinging ammonia-air jet. Increased mixing efficiency 
was shown to be associated with increased jet penetration and also by the 
use of an inclined nozzle.

Heat transfer analogies have been used to simulate mass transfer
8S 86from a gas jet to a liquid bath. Sheridan and co-workers ' ’ have

used a model involving the cooling of a water bath from rJO°G to 40°C
93by an impinging air jet. Huang-Kim-Ho has used a heat transfer analogy 

to simulate mass transfer when oxygen lancing an open hearth furnace.
In this case an air jet, heated to 140-150°C, was introduced into a bath 
of aqueous potassium iodide solution, covered by a layer of oil to sim
ulate the slag.

Chatterjee and Wakelin have examined the transfer of oxygen from 
an oxygen jet to a pool of molten silver, under conditions such that 
splashing did not occur. They we re able to determine the mass transfer 
coefficient for the process and showedthat the majority of oxygen trans
fer was occurring in the vicinity of the impact crater^*

A number of workers have attempted to produce a more complete 
model of the L.D. process by involving a reaction between the jet ge,ses

95and a solute in the liquid bath which produced a second gas. Van Langen 
was one of the first to do this by impinging a jet of hydrogen chloride 
onto an aqueous solution of sodium, bicarbonate, on which a paraffin layer 
floated to simulate the slag. The hydrogen chloride from 
the jet gases dissolved in the aqueous phase



and reacted with the carbonate in solution to produce carbon dioxide ,

Na H CO.. + HC1 NaCl + Ho0 + C0o f 
j  £ £

94 90Similar systems have been used by Andonev and Shimotsuma •

In an attempt to simulate sulphur and phosphorus transfer from the 
metal to the slag, Andonev dissolved potassium iodide and iodate in the 
aqueous solution. In the presence of hydrochloric acid, iodine was formed 
which was transferred to the paraffin slag.

6HC1 + 5KI + KIO^ -*• 3H20 + 6KC1 + 3Ig

For similar reasons. Shimotsuma in his model attempted to monitor the 
transfer of methyl orange from the paraffin slag to the aqueous phase.

Whilst the above models involve a reaction between the gas jet and 
the bath there is no reaction between the bath and the slag, since the 
paraffin layer is effectively inert. This is a fairly serious criticism 
in view of the importance placed upon the formation of foams and emulsions 
in current theories of the mechanism of L.D. refining.



2.3 SINGLE DROPLETS

Extensive reviews of the literature concerning the behaviour of
102 103single droplets have already been made by Crimes and Aeron and 

hence only relevant features, with respect to the present work, will 
be outlined.

2.3.1 Hydrodynamic behaviour of falling droplets

A drop of one liquid falling through another behaves as a rigid 
sphere and obeys Stokes Law only when the Reynolds number is much less 
than unity. For steel in slag this corresponds to a diameter of less
than 0.5 mm. As the diameter increases, internal circulation starts to

ioccur within the drop, caused by the viscous forces operating at the
105surface with the continuous phase . Internal circulation tends to 

produce an increase in velocity beyond that predicted by Stokes Law.
As the size increases further, the drop begins to deform to an oblate 
spheroid and the velocity eventually reaches a maximum value. The peak 
velocity is generally associated with increased droplet distortion and 
the onset of oscillations, both of which tend to reduce the velocity. 
Ultimately a size is reached at which the oscillations are so pronounced 
that the surface tension forces are no longer sufficient to prevent the 
break up of the droplet.

The generalised curve for the terminal velocity of droplets, falling 
through a liquid phase, as a function of droplet size is illustrated 
in Figure 5*

A number of workers have attempted to produce theoretical and 
empirical corrections to Stokes Law, allowing for various modes of



circulation within the drop. These only tend to he useful at low Reynolds 
numbers.In metallurgical processes, the droplets of interest have diameters 
between 1 and 5 mm with Reynolds numbers between 100 and 1000 r^ggQ
have both a wake from which vortices are tom off and well developed 
internal circulation patterns.

The most successful relationship between the terminal velocity of
107a free falling droplet and its size is that attributed to Hu and Kintner 

They determined the terminal velocities of droplets of ten organic liquids, 
falling through a stationary water phase, covering the Reynold number 
range 10 to 2200. A correlation was obtained, for nine of the ten systems, 
in the form of a single curve (Figure 6) relating the drag coefficient 
(Cjj), the Weber number (̂ we) > the Reynolds number (ll^) and a physical
property group (p) defined as:

| . •/

p s ^Re4 = /°c C^i __________   -2.4
5Cs K,e3 e/,J (/>d _/Oon)

A number of workers have also found reasonable agree
ment between the experimentally determined values of terminal velocity, 
for a number of other systems, and those predicted by the Hu and Kintner
relationship, provided the continuous phase was not very viscous. Johnson 

183and Braida using continuous phases other than water, found that it
was necessary to correct the correlation of Hu and Kintner for the differ
ence in viscosity between water and the continuous phase. Thus the function 

0 13CL N P (Figure 6) was amended to:jj we



2*5*2 Mass transfer models

Although chemical control in metallurgical systems has beai observed 
110 1119 it is generally accepted that at high temperatures, where most 
chemical reaction rates are rapid, mass transport control predominates.
The factors which are likely to influence mass transport to and from 
droplets are the diffusion coefficients of the transferring species in 
the two phases, the size and rate of movement of the droplets, the degree 
of internal circulation and the amount of turbulence within both the 
droplet and the continuous phase.. In addition, when the product of 
reaction is a gaseous phase, as for example in the decarburisation reaction, 
the nucleation of gas bubbles may have a significant influence on the 
kinetics of the process.

Mass transfer within a stagnant sphere has been considered by a
H 2  H 3  114number of workers ’ . Kronig and Brink and also Calderbank

109and Korchinski have modified the rigid sphere diffusion treatment to
allow for the effect of simple circulation patterns on the transport

106processes. Handlos and Baron have considered the case of internally
circulating droplets, which oscillate through small amplitudes, whilst 

115Rose and Kintner have produced a model for more violently oscill
ating drops.

Mass transfer in the continuous phase has been extensively treated. 
Numerous solutions have been proposed for the case of mass transfer to 
and from stagnant spheres penetration model has
been applied to the case of circulating droplets.

The various mass transfer models available for single droplets 
have- largely been developed by chemical engineers for application with 
aqueous and inorganic systems. In general the surface tension and density 
of the droplets in such systems are small, compared with those for liquid 
metals.



Richardson and co-workers -*-03 y 104? 182 s^U(̂ ie^ -the mass

transport processes associated with the reaction of amalgam droplets 
with aqueous phases and the reaction of molten lead-zinc alloys with 
molten salts. The dispersed phase mass transfer coefficients determ
ined for these systems proved to be about half those predicted by the 
Handlos and Baron model. Better agreement was obtained with larger 
droplets using the Rose and Kintner model. The continuous phase mass
transfer coefficients were found to lie between the values predicted

116using the Higbie surface renewal model and those for a stagnant sphere. 
It would appear that for metals, possibly on account of their high surface 
tension, the circulation patterns developed within droplets are not as 
vigorous as for the aqueous-organic systems for which the Handlos and 
Baron and Higbie models are successful. It is therefore not possible to 
accurately predict the mass transfer coefficients in slag-metal systems.

2.3*5 Surface Phenomena

Interfacial turbulence can arise when a reaction taking place at an 
interface involves the transfer of a surface active agent. It arises 
when the eddies in the gas or liquid phase which bring reactants to the 
interface also bring about strong local changes in surface tension.
Thus while the reaction is proceeding, the surface tension varies from 
one part to another over the interface and movement of the interface 
may consequently occur. Aeron has.shown that during the oxidation of 
indium amalgam droplets by ferric nitrate solutions, interfacial tur
bulence can significantly increase the rates of mass transfer both in 
the dispersed and continuous phases.

Oxygen and sulphur both significantly lower the surface tension of 
iron and iron alloys" , it is possible that in reactions in which these



elements are transferred, eddies in the metal or gas phases may bring
about sufficiently large local changes in surface tension for interfacial

111turbulence to be set up

Surface active agents when adsorbed at an interface can decrease 
the mass transfer rates of other species. This occurs either by inter
ference with the circulation patterns in the droplet or by reducing the

102effective interfacial area, by blocking transfer sites

2.3.4« Previous experimental work on the refining of single drc-plets

2.3.4(a) Iron alloy droplets

A number of studies have been made of the reaction between iron- 
carbon alloys and oxidising gases. Whilst this work was largely prompted 
by the initial interest shown in spray steelmaking processes, the direct
interaction of metal droplets with the jet and furnace atmosphere in L.D.
steelmaking may be important, especially with the increasing trend towards 
operation with a dry slag practice.

A number of workers have studied the decarburisation of iron carbon
117-121droplets levitated in a stream of oxidising ga. s . I t  has been

shorn that the carbon-oxygen reaction can take place via two possible 
mechanisms. The first mechanism which was operative at higher carbon 
concentrations involved a surface reaction between carbon and oxygen 
and gave rise to little or no disruption of the droplet. The second mech
anism involved a subsurface reaction, with carbon monoxide bubbles being 
nucleated inside the drop. Small metallic particles were frequently 
ejected from the droplet when this mode of decarburisation was operative. 
It was generally agreed by ail workers that the former mechanism was 
controlled by counter current diffusion of the oxidant and product gs.ses



in the boundary layer.

119Distin observed that the transition from surface to sub-surface 
nucleation could occur at various compositions, down to 0.3 wt $ C, 
depending directly upon the rate of decarburisation while the first mech
anism was operative. It was suggested that the transition occurred when
the rate of carbon transport to the surface became insufficient to main-

118tain the surface reaction . The carbon concentration at the interface
would consequently drop to zero allowing oxygen to be absorbed onto the

119surface of the droplet, eventually forming a film of iron oxide 
The bulk oxygen concentration in the droplet could then rise to a con
centration which was sufficiently high to allow internal nucleation of CO. 
Distin observed that once the boil commenced the rate of decarburisation 
continued to be independent of carbon concentration until some lower 
carbon content was attained. This was believed to be due to the increased 
surface area for reaction and the increased turbulence, associated with 
the internal nucleation of carbon monoxide.

IllRichardson has suggested that the rate of carbon transport 
within the droplet at the transition between the two rate controlling 
mechanisms may be higher than Distin initially thought. It was suggested 
that slow chemical reaction at the interface, when the carbon content 
had fallen to a relatively low value, prevented oxygen being converted 
to carbon monoxide immediately on arrival, thus allowing the oxygen con
centration to build up in the droplet.

Studies of the reaction of iron-carbon droplets during free fall 
through an oxidising gas have shown that the subsurface nucleation of CO

122'commences at much higher carbon concentrations then with levitated drops 
125See and Warner suggested that internal nucleation began at about

1 073 to 4 wt i<> C, whilst Daker reported some degree of carbon boil at 
all compositions up to 4*5 wt.^C. This was attributed to the higher



degree of induced stirring produced by the levitation coil compared with 
that encountered during free fall. As with levitated drops the carbon 
boil was associated with the ejection of metal particles. The boil in
tensified as the carbon concentration decreased and destruction of the

1 pAdrop by explosion generally occurred at about 0.5 wt tfo C. Roddis
suggested that transport in the gaseous phase only occurred at carbon
contents greater than 4 wt.^C and at temperatures approaching l600°C with
pure oxygen. Attempts have been made to develop a simple counter current
diffusion model -^7 for decarburisation when control
lies in the gaseous phase. The rate controlling step once the boil has

123commenced is not clear. Baker and Ward have suggested that joint 
transport of carbon and oxygen may be controlling.

The analysis of droplets, after levitation or free fall in a gaseous
oxidant, have shown that the partial pressure of carbon monoxide in
equilibrium with the carbon and oxygen in solution was well below that

3 39theoretically required for homogeneous nucleation to occur . The
presence of a surface film of iron oxide is not thought to assist nucle- 

138ation and indeed the nucleation of carbon monoxide has been observed
in nickel droplets containing carbon, when oxidation took place under

111conditions such that no metallic oxide formed . Nucleation may be
assisted by the presence of surface active agents in solution in the

137 136droplet or possibly vortices created at the droplet surface .

128 129Hazeldean and co-workers 9 have made a qualitative study 
of the reaction between iron-carbon alloy droplets and an oxidising 
slag. An X-ray technique was employed to observe the evolution of carbon 
monoxide from droplets in molten CaO-SiO^-Al^O^ slags containing various 
amounts of iron oxide. Two modes of carbon monoxide evolution were again 
noted. At higher carbon concentrations gas evolution involved a surface 
reaction, the bubbles apparently forming a complete halo around the drop.



At lower carbon contents internal nucleation of CO took place. A drop
let containing initially about 4 wt.jfc could be decarburised to less than 
0.05 wt.^C in 2 - 5 minutes. The presence of sulphur or phosphorus in 
the metal generally reduced the rate of gas evolution, possibly due to 
their surface active nature, which would cause them to block possible 
sites for the decarburisation reaction. When silicon was present an in
duction period was observed during which gas evolution was slow or did 
not occur.

Gas bubbles rising through the slag phase produced a dynamic foam, 
the volume of which was very sensitive to the rate of gas evolution.
The addition of ^2^5 s^a§ aided the stabilisation of the foam,
possibly due to the reduction in surface tension.

j Fragmentation of reacting droplets was frequently observed after the
tinternal nucleation of CO had commenced. The coalescence of reacting 

droplets appeared to be difficult and, when it did occur, was associated 
with the explosive evolution of CO. Smaller droplets were frequently 
carried up into the foam, by adhering bubbles, where they we re retained 
in the cell walls. Such droplets appeared to .react more vigorously in 
the foam, possibly due to the presence of CO^, produced as a result of 
the reduction of iron oxides by CO.

The reaction of molten iron droplets with typical blast furnace 
slags has been examined by a number of workers. Kozakevitch has used an 
X-ray technique to observe the changes in inter facial tension associated
with the transfer of sulphur The desulphurisation of iron-carbon

3 30 131 132alloys has been examined by Bargeron and by Chon ' . Ishii
has studied the transfer of both silica and sulphur to CaO-SiO^-Al^O^
slags.



2.3.4(13) Model Studies

Room temperature models, involving amalgam-aqueous systems, have
102 133 io3been developed by Crimes * and Aeron " in order to simulate the

mass transfer processes involved in the refining of single droplets.

102Crimes studied the extraction of indium and zinc from amalgam
drops during free fall through aqueous ferric nitrate solutions. He 
employed a layer of inactive carbon tetrachloride, below the ferric nitrate 
solution, in order to stop the reaction after allowing the amalgam drops 
to fall through a given height. Unfortunately the droplets carried a 
film of ferric nitrate solution down into the carbon tetrachloride layer, 
thus allowing the exchange reaction to continue. Crimes attempted to 
correct for this, but the results obtained have been seriously criticised.

103Aeron overcame the above difficulties by using a, column made
up of two sections. Mass transfer was allowed to take place during 
free fall in the upper section whilst in the lower section, separated 
from the upper by a constriction, the droplets were collected and the 
reaction allowed to go to completion. After removal and analysis of the 
solution in the lower section of the column, the extent of reaction during 
free fall could be determined. Aeron studied extraction processes in
volving the reactions:

- ( ^ 5+) + ?(*e2+)

+ ! ( P ^ ) Acetate _ d n 3+) + |

ZCd_7%  + ( ^ A c e t a t e  " ^  +

The continuous and dispersed phase mass transfer coefficients were de
termined for the above systems.

Aeron has also developed a model involving the extraction of zinc from



lead-zinc alloy droplets by lead chloride in a molten salt solution at 
450°C.

/-Zn7 pb + (Pb2+)chlor.de = (Zn2+) + Z~Pb_7
135A similar system has been employed by Olander . Katz has studied the 

extraction of samarium from Bi - Mg - Sm drops by reaction with MgGl^ in 
MgCl2 - KC1 - NaCl eutectic at 500°C 154.

As mentioned earlier in section 2.3*2 the mass transfer coefficients 
obtained for the above model systems we re significantly different from 
the values predicted by the various theoretical models available. The 
difference is thought to arise from the high interfacial energy between 
the continuous and dispersed phases in the above model systems. It is 
thought that the circulation patterns developed within such droplets are 
not as vigorous as for aqueous-organic systems where the interfacial
energy is lower and for which the theoretical models such as those developed

106 ll6by Handlos and Baron and Higbie are successful.



2.4 PREVIOUS WORK ON THE DECOMPOSITION OF SODIUM AMALGAM
IU AQUEOUS SOLUTIONS

The first systematic study of the action of sodium amalgams on
1 Aflaqueous solutions was carried out by Femekes « Samples of 0.07 wt jfo Na 

amalgam were immersed in an excess of aqueous solutions of various in
organic and organic compounds and the course of the reaction followed by 
the volume of hydrogen gas liberated. In general, solutions of sodium 
salts tended to produce a slower rate of reaction than distilled water,
whilst a faster reaction was obtained with acids and acid salts. Baker 

l6land Parker , using a similar technique, noted that the rate of reaction 
of sodium amalgam with distilled water could, be significantly altered 
by the presence of trace impurities,

151 /j Klein has studied the decomposition of 0.5 wt,^®a amalgams
iin aqueous hydrochloric acid and sodium hydroxide solutions containing 

various amounts of sodium chloride. The quantity of amalgam used was 
large compared with the amount being decomposed, so that during an ex
periment the concentration of sodium in the amalgam could be considered 
to remain constant. He was unable to obtain reproducible results in 
alkaline solutions, but in dilute acid solutions he met with more success 
and showed that the velocity of reaction could be considered to be made 
up of two terms, one corresponding to the velocity in distilled water and 
the other proportional to the concentration of the acid.

A number of workers 15j> 156, l->7 ĵ y-g studied the

decomposition of a pool of amalgam in acid media, under conditions such 
that the amount of acid present was well in excess of that required to 
neutralise all the sodium present in the sample. Under these conditions 
the concentration of the acid could be considered to remain constant. 
Results showed that except at very low sodium concentrations in the 
amalgam, the rate of rea.ction was independent of the composition of the



amalgam bat directly proportional to the acid concentration* The rate 
of reaction was observed to be proportional to the surface area for 
reaction but stirring had little effect provided the reaction area re
mained constant. Dunning, Kilpatrick and Fletcher did however note 
that the rate of reaction could become dependent upon amalgam composition 
with very weak acids (e.g. O-chlorophenol) or in very dilute solutions 
of the stronger acids (e.g. 10 HCl)

The dependence of the rate of sodium removal on the concentration 
of the acid reflects the fact that in acid media the reaction involves 
the discharge of the hydroxonium ion, which clearly must have an important 
bearing on the kinetics of the overall process.

H 0+ + e —  -|H2 + H20

In.neutral and alkaline solutions, the concentration of hydroxonium 
ioris is low and hence the proton donor is probably a water molecule.

HgO + e -*■ |H2 + OH"

The experimental studies of the decomposition of alkali metal amalgams 
in neutral and alkaline solutions are rather limited and a great deal 
of discrepancy exists between the results of the various workers.

149Bronsted and Kane examined the decompostion of dilute amal
gams, containing 0,004 wt.$ Na, in water and buffer solutions in the pH 
range 7 to 9« In a number of experiments with aqueous phosphate, glyco- 
coll and phenol buffers of constant hydrogen ion concentration, the vel
ocity of reaction showed a linear increase with increasing buffer concen
tration. They attributed this to a direct reaction between the sodium 
and the acid component in the buffer solution, e.g.

Ha + H2P04" HFC>42" + Ha+ +
It was observed that the rate of reaction in a given solution was directly 
proportional to the square root of the concentration of sodium in the

155 156amalgam. This type of behaviour has been confirmed by other workers



153 154Hammet and Loren and Frumkin have showed that the rate of
hydrogen evolution on a sodium amalgam surface is essentially the same
as on a mercury surface polarised electrically to a potential equal to
that established by the sodium-sodium ion equilibrium. The rate dependence
on the amalgam concentration raised to the power 0,5 then follows directly
from the Tafel equation using polarisation data for mercury surfaces at
low current densities. This approach also predicts that the reaction .
velocity should vary inversely as the same fractional power of sodium

149ion activity. Bronsted and Kane did not carry out any quantitative 
work but did report that the addition of sodium chloride to neutral and 
alkaline solutions decreased the reaction velocity.

In the previous experimental work mentioned, it was normal practice
158 T 60to use a glass reaction vessel. Frumkin ’ “ noted that the decom

position rates in alkaline solutions when carried out in a polystyrene 
cell were markedly lower than those carried out in a glass vessel. The 
relationship observed by Bronsted end Kane and the conclusions drawn 
from it are therefore only applicable in alkaline solutions where the 
reaction is aided by catalytic effects.

The mechanism of hydrogen evolution at mercury and amalgam cathodes
159in alkaline solutions has been examined by Bockris and Watson .

Mercury, in an alkaline solution, was polarised with a definite current 
density until the rate of decomposition of the amalgam formed became 
equal to the rate of metal cation discharge, and hence the amalgam po
tential reached its limiting negative value. The current density measured 
under such conditions is a measure of the hydrogen evolution rate. It 
was concluded that the slowest step in amalgam decomposition under these 
conditions was the chemical interaction of sodium with water.

^"Na-^Hg + H2° (Na )eo0 + (0E )ho0 + HAds,
C- C.



158Frumkin has carried out a similar electro chemical study of 
amalgam decomposition using polystyrene cells. He concluded that hydro
gen evolution from alkaline solutions on mercury, at pH less than 10 
was due to hydrogen ion discharge and at pH greater than 10 to a chemical 
interaction between sodium and water molecules. Hie rate of direct 
water molecule discharge was small compared with the other two mechanisms. 
Experiments in the pH range 2 to 10 showed that the rate of hydrogen gas 
evolution was directly proportional to the hydroxonium ion concentration.

The decomposition of sodium amalgam in aqueous media has been used
82as a model for slag-metal reactions by Shanahan . A model involving

y Hthe reaction of 0.2 Ha amalgam with ^  sulphuric acid solution was
employed to assess the efficiency of mixing produced by various agitation 
techniques.



3*1 Choice of model system

It was noted in the previous chapter that a number of workers have
QQ Qrt. 9already attempted to develop room temperature models of the L.D. process * *

All of these models involved a reaction between the gas jet and a solute 
in the bath, rather than a reaction between the slag phase and the bath.
This is a serious criticism in view of the work of Meyer and Trentini 
11, 16, 21, 49 > 50> 51 wk0 }lave shown that a slag foam exists within the

converter during much of the blow and that a significant proportion of 
the metal in the converter is suspended as droplets in the foam.
It appears that reactions between the droplets and the foam play an 
important role in the overall refining process. If this is so, it is 
essential that these reactions are replicated in any room temperature 
model that is used to study the basic oxygen steelmaking process.

Of the various reactions that occur between the metal and the slag, 
it is the oxidation of carbon that has the greatest influence on the form
ation of the slag foam since it is this reaction that produces the carbon 
monoxide gas in the foam. Hence, an essential requirement for any model 
of the process is that it should reproduce the production of gas during 
a reaction between the metal and the slag. The choice of suitable model 
systems is however very limited. The reaction between sodium, dissolved 
in mercury, and an acidified aqueous pha.se provides a room temperature 
system which does meet the above requirements,

It is this system that has been used as a basis for the model developed 
in this work.

Mercury provides a suitable solvent for sodium, whilst also being 
effectively inert and immiscible with the aqueous phase. Just as slag 
floats on steel, the aqueous phase will float on mercury, although the 
phase density ratio is somewhat larger in the model than in steelmaking.



The important physical properties of mercury and water are compared with 
those of a typical L.D. slag and iron in Table 1. Additions of sodium, 
do however tend to lower both the density and the surface tension of 
mercury The maximum solubility of sodium in mercury at room temperature
is O.65 wt.^(Figure 7)«

The viscosity of water can be increased significantly by additions
of glycerol, a factor made use of by a number of workers studying model
systems involving an aqueous phase *^9. The viscosity
ratio for the slag and metal in steelmaking is about 10:1. A 60 vol.$
glycerol-water mixture gives a similar ratio, for the phases in the model
system. Figures 8 (a), (b), (c) and (d) show the variation of viscosity,
density, surface tension and interfacial tension with mercury, for various
glycerol-water mixtures. The interfacial tension between mercury and
water-glycerol solution is relatively high, just as it is for slag-metal
interfaces. This has been shown to be an important consideration when
modelling slag-metal systems Glycerol is chemically inert, with
respect to the components in the present model system, it is completely

142miscible with water and is not surface active in aqueous solutions .

In the initial experiments a nitrogen jet was employed to simply 
agitate the bath. In later experiments however, a nitrogen-hydrogen 
chloride gas mixture was used in order to simulate mass transfer from the 
jet to the raod.el slag.

HCl + h20 —  (h3o+)H2q + (Cl-Jjy,

Whilst the model may appear acceptable on a qualitative basis, 
ideally one should also consider it in terms of similarity criteria. The 
problems involved in establishing precise dimensional similarity in a

14^process such as L.D. steelmaking have been discussed by Holden and Hogg 
Unfortunately, the necessary conditions' for complete similarity are so



complex as to be virtually impossible to achieve. The results of any 
model study will therefore be somewhat limited. Modelling of this kind 
does however provide qualitative information concerning the process and 
may suggest alternative quantitative approaches to the actual steelmaking 
problem.

3.2 * Preliminary Experiments

3.2.1 The reaction between sodium amalgam and water

For the initial experiments, small quantities of amalgam were pro
duced by dissolving sodium metal in mercury under a layer of liquid
paiaffin to prevent oxidation. Prior to use, the excess paraffin was1
removed with a pipette and the amalgam surface washed with petroleum ether. 
This too was removed with a pipette.

The reaction between sodium amalgam and distilled water proved 
to be very slow. 25 ml samples of amalgam, containing initially 0.6 wt.$Ha 
were allowed to react with approximately 50 ml. of distilled water in a 
100 ml. beaker. Without agitation, the removal of sodium took several 
weeks to go to completion.

The hydrogen evolved by the reaction between sodium and water 
appeared to accumulate on the surface of the amalgam as a raft of bubbles 
at the centre of the bath. These tended to leave the raft in a steady 
stream from one or two localised areas. It was interesting to note that 
hydrogen bubbles appeared to be capable of nucleating and growing at the 
interface between the amalgam and the beaker. Once a bubble reached some 
critical size it appeared to rise up the interface between the amalgam 
and the beaker, cross the amalgam meniscus and join the raft on the surface



This type of behaviour is probably further evidence in favour of Frumkin* s 
suggestion that a glass surface may catalyse the reaction between
sodium amalgam and water. Since mercury does not wet glass, a thin film 
of water can probably exist between the surface of the beaker and the 
amalgam. The solubility of hydrogen in mercury is very low and hence 
bubbles can form at the interface, the reaction being catalysed by the 
glass surface.

Allowing a nitrogen jet to impinge onto the pool of amalgam produced 
considerable turbulence and splashing, but did not significantly increase 
the sodium removal rate. Figure 9 illustrates the extent of sodium removal 
achieved under these conditions. This was determined by allowing the jet 
to impinge onto the pool for a known period of time, after which a sample 
of the aqueous phase was removed and titrated against standardised hydro
chloric acid solution to determine the amount of sodium hydroxide formed 
and hence the amount of sodium removed from the bath. It is interesting 
to note that the rate of sodium removal appears to be constant. In
creasing the jet momentum increased the rate of sodium removal, presumably 
by creating a greater interfacial area for reaction. No attempt was made 
to determine the blowing rate in these early experiments.

The rate of reaction of sodium amalgam with water is clearly in
adequate to sustain a dynamic foam and hence an alternative system was 
sought. By using an acidified aqueous phase, and hence increasing the 
hydroxonium ion concentration in solution, a marked increase in the rate 
of hydrogen evolution and. general violence of the reaction was achieved.



3.2.2 The reaction of sodium amalgam with acid solutions

The course of the reaction between a 25 ml sample of amalgam, initi
ally containing about 0.6 wt.$ Na, and an acidified aqueous solution was 
followed by monitoring the volume of hydrogen evolved, using the simple 
apparatus shown in Figure 10 (a). Aqueous solution of known acid con
centration and of just sufficient volume to neutralise all the sodium 
present was introduced into the reaction vessel and the volume of gas 
evolved measured using a gas burette.

Typical results are illustrated in Figures 11 and 12.

Figure 11 shows that by increasing the concentration of the acid in 
the aqueous phase, the rate of gas evolution also increases. Additions of 
glycerol to the aqueous phase appear to reduce the rate of gas evolution. 
The rates of reaction produced by strong and weak acids are compared in 
Figure 12. At similar concentrations, strong acids such as hydrochloric 
produce a faster rate of reaction than weaker acids such as ethanoic and 
phosphoric. Clearly these results suggest that the concentration of free 
hydroxonium ions plays an important role in determining the kinetics of 
the process.

The effect of jetting onto a pool of amalgam covered by a layer of 
acidified aqueous solution was qualitatively investigated using the simple 
apparatus shown in Figure 10 (b). 50 ml of amalgam, containing initially
about 0.6 wt.^Na, were covered by a similar volume of water-glycerol 
solution in a 250 ml. beaker. A nitrogen jet was allowed to impinge onto 
the bath, causing considerable splashing from the amalgam pool. Concen
trated acid was introduced into the aqueous phase, from a reservoir, at 
a uniform rate.

During the course of the reaction the "slag” layer was transformed 
into a foam, the volume of which could be up to five times that of the



original aqueous phase present. The foam volume attained depended upon
the viscosity of the aqueous phase and the rate of introduction of acid.
Considerable numbers of amalgam droplets were observed falling through the
foam layer, generally leaving streamers of hydrogen bubbles behind them.
These droplets could take several seconds to traverse the height of the
foam layer and many were left adhering to the walls of the beaker and the
lance after termination of the experiment. During the early stages of
the blow, large numbers of amalgam droplets could be ejected directly into
the gas phase above the bath, without unduly disturbing the slag layer.
This behaviour was generally observed when the aqueous phase was very
viscous, but ceased once a reactive foam had developed. This is somewhat
similar to the phenomenon known as sparking which occurs during the early

15stages of the blow in the L.D. process .

Three distinct stages could be identified in the refining process.
As acid was introduced into the bath the foam steadily expanded until it 
reached a relatively constant volume, remaining at this throughout most 
of the blow. As sodium removal approached completion the foam gradually 
collapsed. Similar results were produced with both hydrochloric and 
acetic acid.

Preliminary attempts to follow the course of the reaction were made 
using a gas chromatograph. Samples of the gas leaving the reaction vessel 
were removed periodically, injected into the chromatograph and the hydrogen 
peak area determined. Typical results are illustrated in Figure 13« The 
rate of sodium removal appeared to reach a constant value, determined by 
the rate of introduction of the acid.

Experiments were performed with a pH electrode inserted 
into the aqueous phase. By controlling the acid flow rate from the re servo i 
the acidity of the aqueous phase, especially with the weaker acids, could be 
maintained within a fairly narrow range.



5.5 The implications of the preliminary experiments

These simple’experiments served to show that the model system, at 
least on a qualitative basis, showed certain similarities with the slag- 
metal-gas interactions operative in the L.D. steelmaking process.

Various refinements of the basic reaction system were considered at 
this stage. In particular the use of a gas jet incorporating one of the 
water soluble acid gases, for example hydrogen chloride, appeared especially 
attractive in that it permitted a simulation of mass transfer from the 
jet gases to the bath. By mixing it with a suitable inert gas, independent 
control of the chemical and physical effects of the jet appeared feasible.

The model system finally evolved as a result of these preliminary 
experiments thus involved the impingement of a nitrogen-hydrogen chloride 
gas jet onto a bath of sodium amalgam, covered by a "slag" layer composed 
of a water-glycerol mixture.

It also became apparent at this time that a better appreciation of 
the fundamental reaction mechanisms involved in the refining of single 
droplets would be required in order to understand the processes occurring 
in the multiple droplet system created in the model.



4.1. Introduction

The behaviour of single, reacting droplets of sodium amalgam in 
acidified aqueous solutions was investigated in order to provide more 
information concerning the fundamental refining processes occurring in 
the model.

Amalgam-aqueous phase reaction systems have been extensively used 
in model studies of mass transport processes. Both Crimes and Aeron 
have developed techniques for the study of reacting amalgam drops during 
free fall down a column containing an aqueous phase. Unfortunately the 
method used by Crimes has been subject to much criticism whilst Aeron* s 
is not applicable to a reaction system in which a gas is evolved.

The technique evolved for the present work involved the formation 
of sodium amalgam droplets, of controlled size, at a capillary orifice. 
These were allowed to fall down a column of acidified water-glycerol 
solution. The volume of hydrogen gas produced could be measured and used 
to determine the amount of sodium removed during free fall through some 
predetermined height. Reaction was terminated when the droplets entered 
a layer of inert fluid in the lower part of the column. Carbon tetrach
loride was generally used for this purpose since it is both immiscible with 
and of higher density than the aqueous phase employed. Any acid carried 
down in the wake of the droplet, or reaction products formed after entry 
into the inert fluid, were collected in a trap.

In addition to the mass transfer experiments- advanced photographic 
techniques have been employed in order to study the appearance of react
ing droplets during free fall.



4.2 THEORETICAL CONSIDERATIONS

The reaction - between a droplet of sodium amalgam and an acid solution,

+ <=5° % !  ^  (lfa+)tq + iH2’»

involves a number of steps. These include:
(i) The transport of reactants to the amalgam-aqueous phase inter

face.
(ii) Chemical reaction at the interface.
(iii) Transport of sodium ions away from the droplet.
(iv) The nucleation of hydrogen bubbles and their escape from the 

droplet surface.
Any of these steps could control the rate of the overall process.

The conversion of adsorbed hydrogen atoms on the amalgam sunface 
to bubbles of molecular hydrogen involves a nucleation and growth process. 
The formation of bubbles is opposed by forces resulting from the hydro
static pressure of the liquid and the surface energy of the new inter
face. It is unlikely that these factors will be important in the present 
system however, since the turbulent conditions that exist at the back of 
a droplet during free fall will provide favourable conditions for the 
formation of bubbles. The bubbles at the reaction interface may influence 
the mass transport processes in other ways. Their presence will reduce 
the area of amalgam surface in contact with the acid solution and may 
modify the hydrodynamic behaviour of the falling droplet.

If we assume that the reaction at the interface is fast and that
there are no bubble nucleation difficulties, then the process is

109 155likely to be transport controlled. Crimes and dander have
presented a theoretical treatment for mass transfer in systems similar to 
the one under investigation. If tho equilibrium constant for the reaction 
is large then the concentration of one or other of the reactants will



be zero at the interface and hence it is possible to develop rate equations 
for the conditions when the controlling: species is in the continuous phase 
or in the dispersed phase. These two modes of control cannot operate 
simultaneously but may operate consecutively during the fall of a droplet 
through the aqueous phase.

4*2.1 Continuous phase control

The molar rate of transport of hydroxonium ions to the reaction 
interface is given by:

m H+ “ ^s Ad H+-^Aq Aq B “ ̂ E ^ A q  ij ~A*1

Under full continuous phase control the interfacial concentration of 
hydroxonium ions would be zero, in which case,

m H+ “ mi\Ta == ^s Ad ̂  H ^ A q  £  CH+-^Aq B ~4e2

A mass balance on the droplet yields,

“Ha = “Td ^  , -4.5
dt ¥ dtNa

where Vjj is the atomic weight of sodium which is equal to 2$ g/mol. 
Eliminating from equations 4*2 and 4*3

Na,-7d Ys *A^ / ”c<-£+_7±q Z"^g+-7 ĉ,3 -4*4
d k  vd ^Hg

Since the volume of the aqueous phase is very much larger than that of a 
droplet, the acid concentration effectively remains constant and hence, 
in a given solution, the rate of sodium removal will remain constant 
while continuous phase control is operative.



Integrating between the boundary conditions,

at t  = o, 7 d ;I

*
and t - t, - ̂ Ha-7d,B

we obtain,

/- * 7 7-0* 7 69• 4 H+-̂ Aq £ CH+-7AqB.t
^ W d . 1  " ̂ H ^ d . B  " ----------------   —  "4-5

r d ^Hg

'5Che mobility of the hydrogen ion is however very high in aqueous 
solutions and hence continuous phase control involving this species is 
unlikely to be important.

4.2.2 Dispersed phase control

The molar rate of transport of sodium atoms to the reaction inter
face is given by:

- Ad Na-7a ^̂~CNa-7d,B “ ̂ ~°Nadi j “A*6
Under full dispersed phase control the interfacial concentration of 
sodium will be zero, in which case,

m Na = ^sAd Na-7d "̂*GNa-7d,B

= y sAd Nar^d ^ H g  Na J d.B ~ ^ ' Q

23
By eliminating m from equations 4*3 and 4.8 we obtain,



The rate of sodium removal is thus dependent upon the bulk concentration 
of sodium in the droplet and since this will decrease as the droplet 
falls down the column, so too will the rate of sodium removal also decrease, 
Integrating between the boundary conditions,

at t = 0,

and t = t, C P  I s J i  - T P l g J  d,B 

we obtain,

r n* 7 r n * 7 f ^ ^s ̂  Na-7d t J . n
E ^  Na-^a,B “ Ua-7d,I eXp / “ j 4<1

K d

4*2.3 Sodium ion transport

The rate of transport of sodium ions away from the interface is 
given by,

m Na+ ^ s Ad Na -7/Lq {  ̂ N a ^ A q . i  “ ̂ N a ^ A q . B  ] 4*11

which will be equal to the rate of sodium transport to the reaction 
interface m ^ • The Sodium ion concentration gradient between the inter
facial and bulk aqueous solution will therefore vary depending upon 
the value of m ^ • Since the volume of the aqueous phase is much larger 
than that of a droplet the bulk sodium ion concentration effectively 
remains constant. Equation 4*11 may therefore by used to evaluate
/""c,T 7. . for various values of m _T cNa-'Aq,! Na



4.2.4 Chemical kinetic control and hydrogen overpotential

In order for the process of sodium removal from an amalgam drop 
to he mass transport controlled, the reaction at the surface of the drop 
must he relatively fast. Unfortunately no information appears to he 
available concerning the rate of this particular reaction at a mercury 
surface. There are however similarities between the mechanism involved 
in the evolution of hydrogen, as a result of the reaction between sodium 
amalgam and an acid, and the discharge of hydrogen at a cathode in an
electrolytic cell. A considerable amount of research has been carried
out on this latter process, with especial emphasis on the phenomenon known
as hydrogen overpotential. It is beyond the scope of the present work
to attempt a complete review so that only the relevant points will be 
summarised.

The potential (E) of an electrode, through which current flows, 
differs from the equilibrium potential (Eo), established when no current 
passes through the electrode. The difference between them is known as 
the overvoltage ( rq ).

= E - Eo 4.12
170The over voltage may be attributed to a number of causes •

The earliest known cases of activation over potential were those 
associated with the discharge of hydrogen and oxygen at a cathode, since 
the values of q involved are especially large. Significant over potentials 
are however associated with most electrode reactions. The magnitude of 
the hydrogen overvoltage varies considerably depending upon the cathode 
material, e.g. at a current density of lina/cm it ranges from 1.04v on

1 /r>7
mercury down to Or on platinum . In general, overpotential decreases

178with increasing temperature . Its magnitude also varies with current 
density (i) according to the Tafel relationship,

q  = a - blog i 4,15



a and b are constants, their value being determined by* the rate controlling 
mechanism operative at the cathode surface.

The evolution of hydrogen at a cathode in an acidified aqueous 
electrolyte can be represented by the equation;

2(H30+)Aq + 20 —  H2 + 2H*°

l62This reaction can be considered to involve three stages :
(i) The solvated proton approaches the cathode material (M), through 

the electrical double layer in the electrolyte, and is discharged onto 
a free site 011 the. electrode surface to form an adsorbed hydrogen atom.

H20+ + e +  M - * M - H  + Ho0
0 £

163This is known as ’’the discharge reaction” .
1
1 ■ '

This process may be succeeded by one of two alternative methods 
by which the adsorbed hydrogen atoms may be removed from the cathode 
surface.

(ii) Adsorbed hydrogen atoms may combine by ’’the chemical desorption 
mechanism”

M - H  + M -  H-+-2M + H2

(iii) Alternatively the removal of an adsorbed hydrogen atom may 
be associated with the simultaneous arrival and discharge of another 
solvated proton.

HjO+ + M -  H + e - ^ H 20 + M  + H2

This is known as ’’the electrodic desorption reaction”

Thus, in the electrolytic evolution of hydrogen at a cathode surface, 
in an acidified aqueous electrolyte, the discharge reaction always occurs 
initially. It may continue to occur followed by either the chemical or 
the electrodic desorption process, with which it then occurs simultaneously 
in order to maintain the concentration of adsorbed hydrogen atoms on the



A considerable amount of experimental work has been carried out
with the intention of determining the rate determining step operative on

l68 169particular electrode surfaces 9 . Reviews are available of both
the experimental techniques employed and the methods of interpretation 
of the results obtained in the case of mercury it is gen
erally agreed that the rate determining step is the slow discharge 
reaction 1&Q, 172, 173, 174e implies that the formation of

hydrogen atoms on the mercury surface occurs with difficulty, which is 
in agreement with the observed hydrogen adsorption behaviour of this 
metal . Metals with a comparatively high heat of hydrogen adsorption 
(e.g. Pt, Mo, ¥, Cu, Ni, Pe) all exhibit low over potentials, while 
those such as Hg, Cd, Pb and Tl, with low values, are associated with 
large hydrogen over voltages. Those hydrogen atoms formed at a mercury 
cathode will be rapidly removed by desorption processes and hence the 
surface concentration of hydrogen atoms will be low. The degree of hydro
gen atom coverage of a polarised mercury cathode has been estimated to 
be less than 0.05^

The rate of the discharge reaction can be directly related to the
: activity of hydrogen ions at the electrode surface {Ĵ a and the
potential difference between the electrode surface (0) and the centre of

/ l68the charged liydrogen ion ( W  )

i - Z ”o H+-7S J - W  - f )  4.14

In practice it is found that the over potential on a mercury ca.thode falls
D 68 17R n *77progressively as the acid concentration is increased above 0.1 IT ' •'

The relationship is however complex and is not fully understood. Below 
0.1 IT the overpotential is independent of the hydrogen ion concentration.

The evolution of hydrogen on an amalgam surface, as a result of 
the reaction between sodium and an acidified aqueous phase, can be con
sidered to involve two processes:



(a) / ® a 7 %  —  (Na+)Aq + e

(D) Z"H50+_7Aq + 6 —  *H2 + H2°

Reaction (b) will involve a discharge stage and a desorption stage 
similar to those taking place on a mercury cathode in an electrolytic 
cell. It is again possible that the rate of the discharge reaction 
may determine the speed of the overall process. In this case, the rate 
of decomposition would be determined by the rate of discharge of hydrogen 
ions on to the amalgam surface, at a potential determined by the activity 
of the sodium in the amalgam and the concentration of sodium ions in 
solution.



4.3 APPARATUS AND EXPERIMENTAL PROCEDURE

A schematic diagram of the equipment used for the mass transfer 
experiments is shown in Figure 14 with a photograph of the actual 
apparatus on Plate 1.

4.3*1 The mass transfer column

The reaction column was fabricated from 6 mm thick perspex sheet.
Its overall length was 70 cm and it was of square cross section, with 
internal dimensions of 4 cnis. A square section column was employed since 
the flat walls would permit photography of falling droplets, without 
the problems of image distortion, which would have been encountered with 
a round tube. The column could be adjusted for vertical alignment by 
means of two pairs of support screws.

II
The ends of the column were covered by perspex plates, each held 

in place by eight bolts. Rubber seals ensured that the column was gas
tight. The droplet collection device was supported on the top of a
16 mm i.d., pyrex glass tube which passed through the bottom plate and 
was held in position by a rubber bung. The bung acted as a seal whilst 
still permitting the position of the inner column to be adjusted to give 
various heights of fall for the reacting droplets. The upper plate supported 
the capillary tip, at which the droplets were formed, and gas inlet and 
outlet ports. These gas ports were used to flush out the column with 
high purity argon prior to an experiment, in order to prevent oxidation 
of the amalgam.

4*3*2. Droplet formation

Sodium amalgam was held in a constant head reservoir until required.
To avoid oxidation, this was flushed with high purity argon prior to the



introduction of the amalgam. From the reservoir, the amalgam flowed into 
a 35 era long, horizontal, precision bore (0.25 mm i.d.), pyrex capillary. 
This was connected to a capillary tip at which the amalgam was allowed 
to flow out and form into droplets. The horizontal capillary provided 
the main resistance to the flow of amalgam and thus determined the rate 
of droplet formation. The tip consisted of a short length of glass 
capillary which had been drawn down in a flame. The end had been ground 
flat and flame polished. Both the size of the bore and the area of the 
flat surface at the end of the tip were found to influence the size of 
droplets produced. It was also noted that the droplet frequency and 
also, to a lesser extent, the droplet size were dependent upon the overall 
head of mercury. An amalgam reservoir with a relatively high cross 
sectional area was thus employed in order to minimise the change in 
liquid head during the course of an experiment.

Droplets were released from approximately 2 cm above the surface
102of the aqueous phase. Crimes has shown that under these conditions 

a droplet will attain its terminal velocity in the liquid phase within 
2 cm of entering the liquid and hence any anomalous effects during this 
period will be minimised.

Droplet sizes were determined by collecting and weighing a known 
number. This was generally carried out as a check after every experi
ment since it was found that the size of droplets being produced could 
be significantly altered if the tip became contaminated with water or 
grease, etc.

4.3*3 Droplet collection

A reacting droplet of amalgam, falling from the acidified aqueous 
phase into the carbon tetrsnholoride layer, carried a small volume of



acid with it into the lower liquid* This allowed the reaction to continue
for some time. It was thus necessary to introduce a trap to collect
the hydrogen evolved once the droplet had entered the carbon tetrachloride.

A diagram of the droplet collection apparatus is shown in Figure 15 
and a photograph of a droplet entering it on Plate 2. Falling droplets 
were captured in the glass funnel, which had previously been vertically 
aligned with the capillary tip using a plumb bob. The length of time 
spent by a droplet in the funnel was short compared with the overall time 
in contact with the acid and hence it was assumed that anomalies due to 
wall effects were negligible . The falling droplets were deflected by a 
glass bead and entered the carbon tetracholoride phase where they were 
collected in a small cup. Hydrogen and the entrapped film of aqueous 
solution tended to rise from the cup and were again deflected by the
ibead. The upper section of the inner column had been calibrated to enable 

the volume of trapped hydrogen to be estimated.

The trapped hydrogen, acidified aqueous solution and amalgam drops 
effectively increased the volume of material within the inner column.
This would have caused carbon tetrachloride to be forced back up the 
funnel. In order to maintain a constant reaction height, it was necessary 
to continuously drain liquid out of the inner column by the tap provided. 
By collecting and weighirgthis liquid, a measure of the total volume of 
fluid introduced into the column could be obtained. Since the entrapped 
aqueous phase rarely formed a complete circumferential film around the 
funnel, its volume had to be determined from a knowledge of the volumes 
of hydrogen and amalgam drops collected and the total volume change of 
the contents of the inner column. The end of the drain tube was filled 
with water since carbon tetrachloride tended to dissolve the grease from 
the drain tap leading to seapage from the column* Errors in weighing, 
introduced by the general volatility of. carbon tetrachloride were also 
eliminated.



Experience has shown that a stable interface, between the acidi
fied solution in the main column and the carbon tetrachloride within the 
inner column, could be maintained throughout the experiment. It was noted 
that the acid - CCl^ interface could project below the end of the funnel 
and adhere to the top of the glass bead, which thus provided a stable 
datum point. The shape of this short column of liquid provided a means 
of monitoring the rate at which fluid had to be drained from the inner 
column.

Y/hilst it has been implied that carbon tetrachloride is inert, it
should be noted that this is not strictly true. There is in fact a slow

amcJcjo/r?
reaction with sodium̂ . but this does not significantly alter the volume 
of the fluid within the inner column.

41Ta + CCl^ —  4NaCl + C

Reaction v i t l  Zoot/urf m e t a l  txp o % n /e /

4.3.4 Gas collection

The volume of hydrogen evolved by a droplet during its fall through 
the aqueous phase provided a simple, direct measure of the extent to which 
sodium removal had occurred. The gas volume was measured using a gas 
burette which had been connected to the top of the mass transfer column 
by a length of P.V.G. tubing. During the course of an experiment the 
position of the burette was adjusted to maintain the pressure in the top 
of the column at one atmosphere.

This arrangement for gas collection also provided a simple means 
of checking the column for leaks, A small excess gas pressure could be 
applied to the inside of the sealed column. Any change in the water 
level in the gas burette was then indicative of a gas leak.



4«3»5 Preparation of aqueous solutions.

All aqueous solutions were made up from Analar grade reagents with 
distilled water in graduated flasks. The determination of hydrochloric 
acid concentrations was carried out by titration against sodium hydroxide 
solutions of known strength, using phenol phthalein as indicator.

4*3*6 Preparation of sodium amalgam

For the preliminary experiments, sodium amalgams were prepared by 
direct dissolution of sodium metal in triple distilled mercury. This 
was initially carried out under a layer of paraffin or later in a glove 
box flushed out with high purity argon, in order to prevent oxidation of 
sodium. The dissolution of sodium in mercury is strongly exothermic and 
is often very violent. Initiating the dissolution reaction was also found 
to be difficult, due to the presence of surface oxidation products on the 
sodium, and especially so in amalgams approaching saturation, when the 
sodium could become coated in layers of intermetallic compounds. This 
method of preparation was clearly inadequate for the regular production of 
large volumes of amalgam.

3'Sodium amalgams in quantities in excess of 500 cm , were produced 
by electrolysis of sodium hydroxide solution. The cell used was 17 cm 
square and 17 cm deep and was fabricated from 6 mm thick perspex sheet.
The electrolyte was Analar sodium hydroxide solution, containing approx
imately 150 g/l - the cell holding about 2 litres of this. A platinum 
anode was employed. Electrical contact with the mercury cathode was achieved 
via a stainless steel strip passing through an Araldite plug in the side 
wall of the cell and across the floor of the cell.



The cell was operated at a direct current of about 5 amps from a 
Famell stabilised power supply (Type TSV 70 Mk 2). Sodium was discharged 
at the mercury cathode whilst oxygen was liberated at the anode. The 
formation of crystals of sodium-mercury intermetallic compound on the 
surface of the amalgam indicated when saturation load been achieved.
The amalgam could be drained from the cell through a hole in the side 
wall, below the floor level of the cell. The base of the cell was slightly 
tilted towards the drain hole. A short length of 1 mm i.d., glass capillary 
was cemented into the taphole, with a piece of polythene tubing connected 
to this. The capillary helped to prevent excessive amounts of Na Hg^ 
from leaving the cell. Small amounts of NaHg^ were, in practice, carried 
out of the cell with the liquid amalgam, but these served to maintain the 
amalgam in a saturated condition, since inevitably some sodium was oxidised 
during handling.

The amalgam from the cell was collected under alcohol, in a plastic 
bottle, for storage until required.

4.3.7 Treatment of used amalgams

After use, any sodium remaining in the amalgam was neutralised by 
contact with dilute hydrochloric acid solution. The mercury was then 
washed, first with distilled water and then with ethanol. Excess alcohol 
was allowed to evaporate. The mercury was filtered through a perforated 
filter paper and the resulting stream of metal allowed to fall down a 
nitric acid tower containing 5 V/& HLTÔ  solution. The mercury flowing 
from the swan-neck capillary at the base of the tower was collected under 
distilled water, washed and then returned to the electrolytic cell for 
re-use.



4.3*8 Analysis of sodium amalgams

An amalgam sample of about 10 g was required. In the case of the
single droplet studies this was obtained as droplets from the capillary
tip and with the model converter studies as a direct sample form the
metal bath, removed with the aid of a 5 nil. pipette. The sample was
placed in a beaker with a few drops of phenol phthalein solution and
25 ml. of -j-Q hydrochloric acid solution were introduced from a pipette.
The beaker was then agitated until all the sodium was neutralised.
This condition was indicated when hydrogen ceased to be evolved and a
tendency for the sample to break up into small moderately stable drops on
agitation. The remaining hydrochloric acid was neutralised by titration 

Nagainst j q sodium hydroxide solution. The amount of sodium initially
present could then be calculated. The sample of mercury was washed with

!
distilled water and then with ethanol. After allowing to dry, the sample 
was weighed and hence the composition of the amalgam determined.

It is estimated that this method of analysis is accurate to 1.0^. 
This constitutes a maximum error of - 0.005 wt 70 in an amalgam containing 
0.5 wt °Jo Na.

4.3.9 Experimental Procedure - Mass transfer experiments

The assembled apparatus for the mass transfer experiments is shorn 
in Figures 14 and 15 and Plate 1.

The relative positions of the base plate and the inner column 
were first adjusted to give the required height of fall for the droplets, 
whilst ensuring that the column and plate remained perpendicular. The 
inner column could then be partially filled with carbon tetrachloride 
and any air in the drain tube expelled, Distilled water was introduced



into the end of the drain tube, through the glass tap, using a plastic 
bottle. After topping up with carbon tetrach loride, the droplet coll
ection assembly could be inserted into the top of the inner column, 
taking care to prevent entrapment of air below the funnel. With the 
rubber seal in place, the bottom assembly could be bolted to the main 
column.

Using a glass funnel, the aqueousphase was introduced through the 
top of the main column and allowed to run down the side wall, to avoid 
splashing into the droplet collection funnel. The top plate, with its 
rubber seal, could then be bolted in position and the capillary tip 
fastened in position. By means of the two pairs of support screws, the 
capillary tip and the collecting funnel were vertically aligned, using 
a plumbline.

In order to prevent oxidation of the amalgam, the system had to
3be flushed with hi^bpurity argon, usually at a rate of 500 - 400 cm 

per minute for a period of one hour. The amalgam reservoir also had to 
be flushed with argon for a similar period of time. After introduction 
of amalgam into the reservoir, the plastic tube between it and the cap
illary generally required squeezing in order to expel any trapped gas.

Just prior to commencing the run, a little fluid was drained from 
the inner column, so that the acid-carbon tetrachloride interface just 
touched the glass bead below the droplet collection funnel. The taps 
on the gas inlet and outlet ports c.ould then be closed and the level of 
fluid in the gas burette noted.

Droplets of the required size were allowed to fall down the column 
at a rate of about 30 per minute. The duration of a run varied from about 
2 to 5 minutes. Throughout the run, water had to be drained continuously 
from the inner column, in order to maintain the acid-carbon tetrachloride 
interface at a constant position, and collected in a previously weighed



bottle. Also, the gas burette was slowly raised in order to maintain 
the gas pressure inside the column at one atmosphere.

An experiment was terminated, when a suitable number of droplets 
had passed down the column, by interrupting the flow of amalgam from the 
reservoir. The distance from the liquid surface to the top of the glass 
bead was then measured using a cathetometer and the volume of hydrogen 
collected in the gas burette and trapped under the droplet collection 
funnel were determined. The amount of water drained from the inner column 
during the course of a run was obtained by weighing the collection bottle. 
At this stage it was usual to carry out a check on the size of the drop
lets being produced at the tip and also to collect two samples of amalgam 
for analysis.

The mass transfer column could then be drained and the bottom plate 
together with the inner column removed, thus allowing the funnel and 
collecting cup to be lifted clear. After neutralisation with dilute 
hydrochloric acid the amalgam collected was washed with both distilled 
water and ethanol, allowed to dry and finally weighed. The rest of the 
apparatus could then be dismantled, washed and allowed to dry, prior 
to the next experiment.

The change in composition of a known number of droplets of a certain 
size, which had fallen a given distance through the aqueous phase, was 
calculated from the volume of hydrogen liberated. Small corrections 
were made for the volume of aqueous phase carried down into the carbon 
tetrachloride by the droplets and also for the partial pressure of water 
vapour in the evolved hydrogen.



4.3«10 Photographic Techniques

4.3.10(a) Droplet velocity determination

The terminal velocity attained by a falling droplet was required in
order to calculate the time for which it was in contact with the acid
solution and hence determine the rate at which mass transfer was
occurring. In all the experiments, droplets were released from about
2 cm above the surface of the acid phase, so that on entry to it. they

102were travelling at approximately their terminal velocity. Crimes 
has shown that under these conditions the terminal velocity is achieved 
very rapidly.

Droplet velocities were experimentally determined using conven
tional cine photography. A Bolex H 16 camera was employed with either 
Kodak Tri X or Ilford Mark V film at a speed of 32 frames per second.
In order to confirm their accuracy the filming speeds of the camera were 
recalibrated by Sheffield Photographic Company just prior to these ex
periments.

The mass transfer column was set up in the same way as for the 
mass transfer experiments, but with the inner column adjusted to give 
the maximum height of fall possible (i.e. about 60 cm). During filming, 
droplets were allowed to fall continuously down the column, at a rate of 
about 30 pe:r minute. Oblique illumination using a single light source 
was employed.

Three datum lines were marked on the front of the column dividing 
it into two 25 cm sections, thus giving a total useful height of 50 cm. 
This permitted the velocities in the upper and lower halves of the column 
to be compared, whilst still obtaining an overall velocity for the total 
column. The top reference line was about 5 .cm below the surface of the 
aqueous phase, thus eliminating the effects of any period required to



attain terminal velocity. Particular care was taken to horizontally 
align the camera lens with the central datum mark so that parallax errors 
in the upper and lower sections would he equal.

The films obtained were examined at low magnifications using a 
transmission light microscope, fitted with an improvised film holder, 
and the velocities obtained by counting the number of frames it took a 
droplet to traverse the distance between reference marks. The point at 
which a droplet passed a given mark could be estimated to an accuracy of 
half a frame, thus giving a maximum possible error of one frame, for 
fall between a given pair of marks. This constitutes a maximum error 
of about yjo for the overall velocity and 6fo for the velocity over half 
of the column height. A slight correction had to be made to the results 
in order to allow for parallax effects due to the datum lines being some

I2.3 cm in front of the line of fall of the droplets.

4.3.10(b) High speed cine photography

This was employed in order to study the motion of droplets and 
their accompanying wake. A Beckman and Whitely "Magnifax" high speed 
camera was used with Ilford Mk.V film at a speed of 3200 frames per 
second. This equipment was kindly loaned by the Department of Chemical 
Engineering and Fuel Technology at the University of Sheffield.

4.3.10(c) Still Photography

General photographs of droplets during free fall, showing a large 
proportion of the length of the column, were taken using a Zenith B 
35 ram camera with an F2 Helios lens and using Ilford FP4 film. Illum
ination ms provided by a Sunpak DC 7 electronic flash unit, which had a



nominal flash duration of l/lOOOth of a second.

In order to gain more information concerning the surface topo
graphy, attempts were made to obtain close-up photographs of single re
acting droplets. For these experiments a Nikon F camera with bellows 
attachment was employed and photographs were taken on Kodak Panatomic X 
or Tri X. Various commercial electronic flash units with nominal flash 
durations down to l/50,000th of a second were experimented with, but 
all were found to be incapable of "freezing" the motion of droplets.. 
Satisfactory results were eventually obtained with a Courtenay Micro- 
1020 micro flash unit. This had a nominal flash duration of two micro 
seconds with a maximum output of 50 joules at 10 kV. This too was kindly 
loaned by the Department of Chemical Engineering and Fuel Technology 
at the University of Sheffield.

The flash unit head was placed in contact with the side wall of 
the mass transfer column. Sheets of white card, placed parallel to the 
opposite wall and across the front of column, acted as additional light 
reflectors. The camera lens passed through a circular hole cut in the 
card obscuring the front of the column, at a point approximately 30 cm 
below the surface of the aqueous phase. A sheet of matte black paper, 
hung about two feet behind the column, provided a dark background.
The flash synchronisation device on the camera was coupled to the flash 
unit’s power supply by an extension lead, A shutter speed of §th of a 
second at an aperture of f22 was employed.

In order to produce individual droplets, the drop formation appar
atus had to be modified slightly. The plastic tube and three way tap 
between the constant head reservoir and the horizontal capillary were 
removed and replaced by a short length of rubber tubing and a screw clip. 
This permitted small volumes of amalgam to be introduced into the rubber 
tubing and then trapped between the clip and the capillary. By squeezing



the rubber tube, amalgam could be forced along the capillary and indivi
dual drops formed at the tip.

The total height of column within the field of view of the camera 
was only about 2 cm. To allow for human reflexes, it was necessary to 
press the cable release while the droplet was passing a point still 
some distance above the camera. This distance varied between 4 and 9 cm 
above the centre of the camera lens, depending upon the velocity of the 
droplets and the reflexes of the photographer.



4.4 RESULTS

The aqueous phase used in all the single droplet studies consisted 
of a 60v rfo glycerol-water solution, since this medium was employed as 
the "slag" phase in all the model experiments. To this solution was 
added various amounts of HC1, up to 3 moles per litre, and sodium chloride, 
up to 2.0 moles per litre. The initial sodium content of the amalgam 
was also varied during the course of the work, the maximum concentration 
employed being 0.6 wt ^

4.4.1 Visual Observations

A droplet size of 2.4 mm diameter was employed for most of the mass 
transfer experiments and attempts were made to maintain the droplet size 
at this value for the photographic studies. Unfortunately the technique 
used to form individual droplets was not as reproducible as that employed
to produce a controlled stream of droplets for the mass transfer experi
ments, and hence some size variation will be apparent in the subsequent 
photographs.

The initial photographs were taken with a Zenith B camera with an 
f2 Helios lens and Sunpak BC7 electronic flash unit. Plate 3 shows a 
droplet of amalgam, of approximately 2 mm diameter and containing init
ially about 0.5 wt io La, during free fall through 1.1 IT Hydrochloric acid, 
glycerol-water solution. This photograph illustrates the general, visual 
appearance of all the reacting droplets observed. The stream of hydro
gen bubbles evolved as a result of the reaction between sodium and the acid 
is visible, but no information can be gained concerning the distrib
ution of gas 011 the surface of the droplet.

It was noted that bubble formation did not appear to commence



immediately the droplet entered the aqueous phase. For the system ill
ustrated 011 Plate 3» there appears to be a period, equivalent to a distanc 
of fall of about 4 cm, during which reaction is either slow or does not 
occur. The length of this "incubation period" was found to be very 
sensitive to the composition of the aqueous phase.- Further observations 
on this feature will be described in the next section.

The trail of bubbles produced by a reacting droplet tended to be 
somewhat irregular. This behaviour is illustrated more clearly on Plate 4 
The regions of high bubble density tended to rise rapidly, contracting 
into spherical formations as they did so, before ultimately breaking up 
into clusters of small individual bubbles, which rose more slowly to the 
top of the column.

Two high speed cine films were taken of droplets falling through 
the same 1.1 N HC1 solution. The irregularities in the stream of bubbles 
produced by the reacting droplet appeared to be due to periodic variations 
in the size of the wake formed behind the droplet. Gas appeared to be 
evolved at a steady rate from the droplet surface, allowing the volume 
of bubbles in the wake to increase progressively until some critical 
size was reached, when a group of bubbles could break away. This con
sequently left a much diminished volume of gas in the wake region, which 
would proceed to steadily grow again.

The droplets, during their fall through the aqueous phase, took 
the shape of an oblate spheroid, with their major axis perpendicular 
to the direction of fall. The larger droplets appeared to be oscillating 
slightly and rotating about an axis parallel to the direction of fall.
In some cases the wake appeared to be non-symmetrical about the vertical 
axis of the drop and rotation about this axis caused the bubble stream 
leaving the wake to assume a helical pattern.



The high speed cine films obtained were of only moderate quality, 
exhibiting both excessive contrast and limited definition. This is an 
inherent problem with the technique, caused by the necessity to use 
high intensity lighting with high A.S.A. films. This line of research 
was consequently not pursued any further. In order to obtain more in
formation concerning the surface topography of reacting droplets, it was 
necessary to develop the photographic techniques described in the pre
vious section, involving the use of a micro-flash unit with a Nikon F 
camera and bellows unit.

The appearance of reacting amalgam droplets, containing initially 
about 0.55 wt <f> Na, in 0.5N, 1.1 N, 1.5 N and 2.1 N hydrochloric acid 
solutions are illustrated on Plates 5> 6, 7 and 8 respectively. It will 
be noted that on each of the photographs there appear three roughly 
circular discs lyingalong the horizontal axis of the droplets. The 
central dark area is a reflection of the camera lens, while the lighter 
areas on the left and right hand sides of the droplet are respectively, 
the reflections of the micro flash unit and a white card used as a light 
reflector.

In 0.5 N solution (Plate 5) "the hydrogen gas bubbles are confined 
to a relatively small area at the back of the droplet, leaving the front 
surface clear. The slightly irregular shape of this droplet suggests 
that it was oscillating. This is a little surprising in view of the fact 
that its diameter is well below that corresponding to the maxirnnrn term
inal velocity for the system, (Figure 16), which is generally associated 
with the onset of oscillation. By increasing the acid concentration 
to 1.1 N a larger proportion of the droplet surface became covered by 
bubbles (Plate 6). The front of the drop still appears to be free from 
bubbles, although some can be seen adhering to the droplet surface at 
the point at which flow separation occurs. The wake has a slightly



stepped appearance suggesting that the droplet may have been rotating.
In 1.5 N solution there is evidence of bubble formation on the front 
surface of the droplet (Plate 7)> whilst in 2.1 N solution a large 
proportion of the droplet surface is apparently covered by bubbles 
(Plate 8). The bubbles on the front surface are very small and appear 
to increase in size as they are swept to the back of the drop. Whilst 
the droplets in 2.1'N solution still took the form of an oblate spheroid 
there was no evidence to suggest that they might be oscillating. It is 
possible that the bubbles at the interface assist in stabilising the 
shape of the droplet and may inhibit the development of circulation 
patternswithin it.

On a purely qualitative basis the above results suggest that on 
increasing the acid concentration in the aqueous phase the rate of gas 
evolution increases, which is associated with an increase in the apparent 
surface coverage of the droplet by bubbles. There is also a slight trend 
for the size of bubbles being evolved to increase with increasing acid 
concentration. Despite the close proximity of bubbles in the wake region, 
coalescence did not appear to be occurring to any significant extent.

The amount of sodium chloride formed by a reacting droplet was 
relatively small and hence the change in concentration of the aqueous 
phase was negligible. In the model converter process however, the sodium 
chloride content of the aqueous phase increases progressively throughout 
an experiment and the limit of solubility may eventually be exceeded.

Photographs were taken of droplets during free fall through 1.0 N HC1 
solution containing 1.0 mole of sodium chloride per litre (Plate 9) an<i 
also 1.5N HCLsolution containing 2.0 moles of NaCl per litre (Plate 10), 
which is a saturated solution at this acid concentration. These may be 
compared with Plates 6 and 7 respectively, where the aqueous phase did 
not contain any sodium chloride. The apparent surface coverage by



hydrogen bubbles remained approximately the same in both cases. The 
size of the bubbles being produced however, decreased significantly in 
those solutions containing sodium chloride and also the transition zone 
between the bubble free and bubble covered regions became more clearly 
defined.

The effect of varying the initial composition of the amalgam was 
examined in 1.1 N and 2.0 U HC1 solutions. Plates 6, 11 and 12 are 
photographs of droplets containing initially 0.55> 0.34 and 0.06 wt $ Na 
respectively, in 1.1 N HC1 solution. The droplets shown on Plates 6 and 
11 are very similar in appearance, but Plate 12 shows a marked change in 
behaviour. At low sodium concentrations the droplet has become entirely 
covered by relatively large bubbles, yet the overall rate of gas evolution 
appears to have decreased, since it is possible to see through the wake.

i
I

A similar change in appearance was noted in 2.0 U HC1 solution.
Plate 8 shows a droplet which initially contained 0.55 wt $ Na, while Plate 
13 shows a droplet which initially contained 0.18 wt $ Na. In both 
cases a high proportion of the droplet surface is covered by bubbles, 
but at low sodium contents the bubbles on the front surface of droplet 
are significantly larger than at higher sodium contents.

4*4*2 Velocity measurements

A knowledge of the terminal velocity attained by reacting droplets, 
-during free fall through the aqueous phase, was necessary in order to 
calculate the mass transfer rates and hence the rate coefficients for 
the process, from the experimentally determined extraction data. Various 
correlations have been presented which relate the terminal velocity of 
a liquid droplet falling through another liquid to the size of the droplet



and the physical properties of the system. The most successful of these
107is that attributed to Hu and Kintner . which was outlined in Section

2.5»1» Johnson and Braida have modified this relationship, by introducing
a correction factor for use with systems where the viscosity of the con-

183 102tinuous phase is greater than that of water . Grimes and also
109Calderbank and Korchinski have however determined the terminal vel

ocity of mercury droplets during free fall through water-glycerol sol
utions and found good agreement with the Hu and Kintner 
relationship, provided the viscosity of the aqueous phase was not very 
high.

It is reasonable to expect that the Hu and Kintner relationship 
should give a satisfactory prediction of the terminal velocity attained 
by sodium amalgam droplets during free fall through 60 v$ glycerol-water
solution. Values of the necessary physical properties of the phases
concerned were obtained from Figure 8 and Table 1. By use of the graphs
shown on Figure 6 the terminal velocity, as a function of the droplet
size, was obtained for the system under investigation (Figure 16).

A droplet size equivalent to a sphere with a diameter of 2.4 nim 
was used in the majority of the mass transfer experiments. Hie Reynolds 
number for this system is about 100. From Figure. 16 the terminal velo
city of a 2.4 ™ l diameter droplet should be 62.5 cm/sec. The velocity

102measured by Crimes for the same system was 57 cm/sec . Introduction 
of the Johnson and Braida correction factor for the viscosity of the 
continuous phase yielded a much lower prediction of the terminal vel
ocity expected (42 cm/sec.).

The terminal velocity attained by sodium amalgam droplets during 
free fall through acidified water-glycerol solutions was measured using 
conventional cine photography. Droplets containing initially about 
0.55 wt °!o Ha were again considered in the first series of experiments.



The effect on the terminal velocity of varying the hydrochloric 
acid content of the aqueous phase is illustrated in Figure 17. These 
results are also presented in Table The terminal velocity attained 
initially decreases quite markedly with increasing acid concentration, 
but appears to reach a constant value in solutions greater than about
2.0 N. Clearly this behaviour can be related to the change in visual 
appearance described in the previous section. It was noted that as the 
acid concentration increased, the apparent surface coverage by bubbles 
also increased. The presence of bubbles adhering to the surface would 
increase the general buoyancy forces on the droplet and also modify 
the fluid flow patterns both inside and around the droplet. The terminal 
velocity would appear to only reach a constant value when the apparent 
fractional surface coverage by bubbles approaches unity.

From Table 5 it will be noted that the velocity in the upper half 
of the column is generally less than.that in the lower half. The differ
ence is small and is close to the limit of accuracy of the measurement 
technique, but the consistency of the results suggest that it is a real 
phenomenon. This may possibly be attributed to slight changes in the rate 
of gas evolution during passage down the column or due to interaction 
with bubbles rising up the column. Since there were'always more bubbles 
in the upper section than in the lower, at any given time, they would 
tend to impede a falling droplet more in the upper section. The diff
erence in velocity between the upper and lower sections of the column 
is however small and hence a mean value has been employed in order to 
calculate the mass transfer rates.

In addition to velocity measurements an estimate of the incubation 
period could be obtained from the cine films. This was defined as the 
time interval between the droplet entering the aqueous phase and the 
appearance of bubbles in the wake region. The estimation of the position 
of this latter point was difficult since the filming speed was inadequate



to totally "freeze" the motion of the droplet. The results obtained 
are presented in Figure 18, which shows that the incubation period de
creases progressively as the acid concentration in the aqueous phase is 
increased. The incubation period could not be estimated in solutions 
which were greater than 1.5 due to the high concentration of bubbles 
in the top few centimetres of the column. The incubation period did not 
appear to be significantly altered by the presence of bubbles already in 
the column.

In the previous section it was noted that the presence of signi
ficant amounts of sodium chloride in solution could alter
the vinual appearance of reacting droplets. The terminal velocity was 
determined in 1.0, 1.5 and 2.1 N solutions containing various amounts
of sodium chloride up to the solubility limit for that particular solution 
The results obtained are presented in Table 5 and graphically in Figure 19 
In all cases there is a tendency for the terminal velocity to decrease 
with increasing sodium chloride concentration.

Estimation of the incubation period in solutions containing signi
ficant amounts of sodium chloride was difficult. The hydrogen bubbles 
evolved were very small and hence rose slowly, causing the solution in 
the upper half of the column to become almost opaque. The limited results 
obtained however suggest that the incubation period increased with in
creasing salt content (Figure 20).

It was noted in the previous section that when the sodium content 
of the amalgam droplets fell to a relatively low level the apparent 
surface coverage by bubbles increased and also the size of the bubbles 
themselves increased. Table 4 shows that this behaviour is also associ
ated with a decrease in the terminal velocity attained. The velocities 
in the upper and lower sections of the column are again similar. The 
addition of 0.5 moles per litre of sodium chloride to the aqueous phase



did not appear to significantly alter the terminal velocity attained.

More exaggerated changes in velocity were observed with very small 
droplets. These initially fell down the column evolving gas in a similar 
manner to larger droplets. Eventually, after a certain amount of sodium 
had been removed, they began to decelerate. This was associated with a 
decrease in the rate of gas evolution and a tendency for the bubbles to 
adhere longer to the droplet surface. Eventually a droplet would be left 
adhering to one or two bubbles which grew slowly in size. If the droplet 
was sufficiently small, when this, situation was reached it could begin to 
rise back up the column. This behaviour is illustrated on Plate 14*
On reaching the surface, the bubbles burst allowing the droplet to fall 
freely again. If the droplet still contained some sodium another bubble 
could form and the process was repeated again.

4*4*3 Mass transfer experiments

The reaction between droplets of sodium amalgam and 60vtfo glycerol- 
water solution, containing up to 5*0 moles per litre of HC1 and up to
2.0 moles per litre of HaCI was examined. Amalgams containing up to 
0.6 wt io Ha were employed. Droplets were allowed to fall through a pre
determined height, varying from 15 to 60 cm, down a column containing 
the acidified aqueous phase. The volume of hydrogen gas liberated was 
used to determine the amount of sodium removed and the time the droplets 
spent in contact with the acid phase was related to the distance of free 
fall by the velocity data presented in the previous section. A droplet 
size equivalent to a sphere with a diameter of 2.4 mm was employed in 
most of the experiments.

The relationship between the rate of sodium removal from a droplet



and the hydrochloric acid concentration in the continuous phase was in
vestigated in the initial experiments. Aqueous solutions containing 
0.50, 1.00, 1.47> 2.01 and 2-73 moles of HC1 per litre were employed 
and the initial composition of the amalgam was maintained at about 0.55 
wt °/o Ha. The actual initial composition of the amalgam used for each 
set of experiments is given in Table 6. By standardising the experimental 
technique and by using the same batch of amalgam, the initial composition 
could be maintained within a fairly narrow range for a common set of 
experiments. The larger compositional variations between different sets 
of experiments are associated with the use of fresh batches of amalgam 
from the cell.

The extent of sodium removal for various contact times in each 
of the above solutions is illustrated in Figures 21, 22(a), 23( a )> 24( a) 
and 25(a). Individual results are presented in Table 16. The point 
at which the line intercepts the x-axis has been assumed to be the same 
as the incubation period noted in the previous section. In a partic
ular solution the rate of sodium removal appears to be constant and hence 
independent of the instantaneous composition of the droplets. The rate of 
sodium removal in each solution has been determined and the results are 
presented in Table 6 and illustrated graphically in Figure 26(a). It will 
be noted that the rate of sodium removal increases with increasing acid 
concentration in the aqueous phase. At low acid concentrations the re
lationship between these two variables is approximately linear, but begins 
to deviate from this in solutions greater than about 1.0 H. The line 
drawn in Figure 26(a) has been extrapolated through the origin, even though 
the rate of sodium removal will not be zero in a neutral solution. The 
concentration of hydroxonium ions would however be low and reaction would 
probably occur by direct interaction with water molecules.

The dependence of the rate of sodium removal on the acid concent
ration in the aqueous phase is still valid at slightly lower amalgam



compositions than those considered in the above series of experiments. 
Figure 22(a) illustrates the results obtained with amalgams initially- 
containing O.56 and 0.27 wt *{o Ha in 1.00 H solution, whilst Figure 25(a) 
shows the effect of using amalgams initially containing O.58 and 0.43 wt 
io Ha in 2.73 N solution. With both pairs of results, deviation from a 
common straight line is only observed when a significant amount of sodium 
has been removed.

The effect on the sodium removal rate produced by the addition of 
sodium chloride to the aqueous phase has been most extensively studied 
in 1.47 N HC1 solutions, although additional experiments have also been 
carried out in 0.91 H (Figure 22(b)), 2.01 H (Figures 24(b) and 24(c)) 
and 2.73 H solutions (Figure 25(b)). The initial composition of the
amalgam used was again maintained at about 0.55 wt °jo Ha in all these

!experiments.

The extent of sodium removal achieved for various contact times 
in 1.47 W solutions, containing 0, 0.5> 1.0 and 1.75 moles of sodium 
chloride per litre is illustrated in Figures 25(a) to 25(d). The observed 
rates of sodium removal are presented in Table 7 and are illustrated 
graphically in Figure 27 as a function of the sodium chloride concentration 
in the aqueous phase. It will be noted that the rate of sodium .removal 
decreases as the sodium chloride content of the continuous phase is in
creased. Similar behaviour was observed in 2.01 H and 2.73 N solutions 
to which salt additions had been made. The effect of an excess of insol
uble sodium chloride, held in suspension, has not been examined, although 
this situation did arise in the model converter.

Despite the effect of sodium chloride additions, the rate of sodium 
removal was still to some extent dependent upon the concentration of 
hydroxonium ions in solution. This is illustrated by Figure 26(b), where 
the rate of sodium removal observed in a number of solutions with various



acid concentrations, all containing 0.5 moles of HaCI per litre, is com
pared with those obtained in salt free solutions.

It was noted earlier that the rate of sodium removal from a droplet 
was independent of the composition of the amalgam over a significant range 
of sodium contents. If however the initial sodium concentration in the 
droplet was reduced to a sufficiently low level, then a change in behaviour 
was observed. For Figure 28(a) the continuous phase contained 2.01 moles 
of HC1 per litre and the amalgam initially contained 0.185 wt *fo Ha. .The 
rate of sodium removal is no longer constant and is significantly lower 
than that observed earlier, when the initial sodium content of the amal
gam was higher (Figure 24(a)).

The composition at which the change in refining behaviour is observed 
has been determined in 2.01 and 2.73 N HC1 solutions, using amalgam ini
tially containing 0.27 and 0.52 wt Ha respectively (Figures 28(b) and 29). 
The change in behaviour appears to occur at 0.21 wt Ha in 2.01 H solution
and 0.25 wt rfo Ha in 2.73 N solution. The refining characteristics at
low sodium contents have been examined in 2.01 H solution containing
0.5 and 1.0 mole of HaCl per litre (Figures 28(c) and 28(d)). Due to the
relatively low rates of sodium removal produced, the reproducibility of 
the initial amalgam composition imposed limitations on the accuracy of 
the results in the above experiments. Also, in obtaining the above graphs 
it was necessary to use a mean value for the droplet velocity. The 
change in refining behaviour appears to be associated with the marked 
change in the visual appearance of the droplet and the decrease in terminal 
velocity noted in the previous sections. It is to be expected therefore, 
that the velocity may be varying continuously throughout the concentration 
range over which these changes in behaviour occur. Considerable errors 
may therefore exist in these particular results.



4.5 DISCUSSION

4.5.I The refining of high sodium content droplets in salt free
solutionsI I 1 n n ■ ^

It has already been noted (Section 2.5.4(b)) that a number of workers 
have successfully developed suitable model systems in order to simulate 
the transfer of solute elements from liquid metal droplets to a slag phase. 
These in general have involved an exchange reaction of the type:

Z\ 7  + n(BP + ) - (Am ) + n(B(p-r) +)

where £  J  and ( ) represent species dissolved in the dispersed and
continuous phases respectively. Such an exchange process between two 
immiscible liquids involves the transport of reactants to the interface 
and the transport of products away from it and also chemical reaction at 
the interface. The overall rate of exchange may therefore be determined 
by either transport processes, reaction kinetics or a combination of 
both.

102It is generally believed that provided the reactant species are 
relatively simple, charge transfer reactions of the type shown above are 
inherently fast and hence their rate is likely to be determined by trans
port processes. In addition, if the equilibrium constant for the reaction 
is large it follows that the concentration of either one or other of the 
reactants must be zero at the interface, provided that equilibrium exists 
there. The overall rate for the process is theidetermined by either trans
port in the continuous phase or by transport in the dispersed phase, but 
not both simultane0usly 135)^ ^  usjng experimental systems which

satisfy the above condition it becomes possible to determine the resis-
105tance to mass transfer in each phase .

The reaction involved in the present model study of slag-metal 
droplet interactions also involves an apparently simple charge transfer 
mechanism.



£  Na _7d + (H30+)Ag -*• (Na+)Aq + HgO + fHgt' ,

and hence one might also expect this reaction to be fast. This model 
does however differ significantly from other systems previously studied 
in that one of the products of reaction is a gas. The equilibrium con
stant for the reaction, expressed in molar activities and taking pure

4-6 181metal as the standard state for sodium, is 10 . In addition, the
mobility of the hydrogen ion in aqueous solutions is sufficiently high to 
assume that the interfacial concentration of this species is equal to 
that in the bulk solution. One would therefore expect that the interfacial 
concentration of sodium in the amalgam would be zero. The rate of sodium 
extraction would then be governed by transport processes within the drop 
which can be related to the bulk concentration of sodium in the amalgam by the 
equation derived in section 4*2.2,

dt r,d
103Aeron has determined the mass transfer coefficient within amalgam 

droplets to be approximately 4 x 10 ^ m/s and this may be used to evaluate 
equation 4*9 (Figure 30).

The experimental results obtained did not however confirm the above 
theory. The rate of sodium removal from a droplet, when the sodium con
centration was relatively high, appeared to be solely dependent upon the
acid concentration in the aqueous phase. This tends to confirm the findings

155 156of earlier workers 9 although the experimental conditions used 
were significantly different.

On a qualitative basis the experimental results might be explained 
in terms of transport control in the continuous phase. The transport of 
hydrogen ions in the aqueous phase would then control the process, in which 
case the rate of scdium removal would be given by equation 4*4? derived 
in section 4*2.1.



HaJ d = - ‘ /s ‘ Ad H+ -Ttq ̂  CH+ Aq B ~ ^*4
dt vd

In view of the high ionic mobility of hydrogen ions in aqueous solutions
103this mode of control would probably be unlikely. Aeron has determined

r) , _ a
the mass transfer coefficient for Pb ions to be 0.8 x 10 m/s in water-
glycerol solution similar to that employed here. The ionic mobility of
the hydrogen ion is about an order of magnitude greater than that for the 
2+Pb ion and hence a reasonable estimate of the mass transfer coefficient

for this species would be 8 x 10 ^ m/s The theoretical rate of sodium
removal may then be obtained as a function of the acid concentration in
the aqueous phase by substituting appropriate values into equation 4*4>
assuming for the present that Y  is equal to one (Figure 3l)* It wills
be j noted that the experimentally observed rates are well below those pre
dicted by the hydrogen ion transport theory. Certainly at low acid con
centrations the difference cannot be accounted for simply on the basis of 
the apparent surface coverage by bubbles. Comparison with Figure 30 would 
also suggest that the range of sodium concentrations over which the rate 
of reaction depended on the sodium content of the amalgam would be more 
extensive than was suggested by experimental results. The difference be
tween the theoretical and experimental lines on Figure 31 may actually 
be greater than shown, since it has been suggested that Aeron1 s estimates
of the dispersed phase and continuous phase mass transfer coefficients

132may be up to 25$ and 17$ low respectively

The results indicated on Figure 31 would therefore tend to suggest 
that some other aspect of the reaction mechanism involving the hydrogen 
ion must be important.

It has already been noted (section 4« 2.4) that the over potential 
for the evolution of hydrogen at a mercury cathode in an aqueous electro
lyte is quite considerable. This has been attributed to the slow nature

Hg



of the discharge reaction,
(H+)Aq + Hg + e — »• H - Hg ,

arising from the inability of a mercury surface to sustain high concen
trations of adsorbed hydrogen atoms. The subsequent desorption reactions 
to form hydrogen molecules are believed to proceed with relative ease.

H - H g  + H -  Hg —  K2 + 2Hg
or H - Hg + (H+)Aq + e — - H2 + Hg

The evolution of hydrogen at the surface of a sodium amalgam droplet 
in an acidified aqueous solution must involve a similar mechanism. Hydro
gen ions will be discharged at cathodic sites on the droplet surface, in
this case the electrons for the process being provided by the oxidation of
sodium at anodic sites.

Z X _ 7 a — > (Ha +)A(J + e

Just as with over potential, the rate of the overall process is likely to 
be controlled by the rate of the discharge reaction.

The discharge process is effectively a first order reaction with
rate dependence on the concentration of hydrogen ions (or more strictly
the hydrogen ion activity) in the aqueous phase. This conclusion is

l68also implied in equation 4*14 for the over potential phenomenon 
On a qualitative basis these suggestions would appear to be in line with 
present experimental observations. Since the volume of the continuous 
phase is large, compared with that of a droplet, then the hydroxonium ion 
concentration will remain effectively constant throughout an experiment 
and hence the rate of sodium removal remains constant at some value deter
mined by the acid concentration. The molar rate of sodium removal is 
thus given by:

™  Ha = ^s ^d k + -^Aq.B, 4^5



where k is the rate constant for the discharge reaction.
By combining equations 4*15 an& 4*3> may *De eliminated to give:

By plotting the experimentally observed rate of sodium removal 
against the hydrogen ion concentration a straight line should be produced, 
the gradient of which could then be used to determine the reaction rate 
constant. Unfortunately the resulting line (Figure 26(a)) only appears 
to be linear at lower acid concentrations. This can be attributed to a 
progressive decrease in Y s as the rate of hydrogen evolution increases 
and also to the increasing deviation from ideal behaviour of the hydro-

of low acid concentration ( < 1.0U), then the gradient of this portion

Photographs of reacting droplets have shown that the apparent 
surface coverage by bubbles increases as the rate of hydrogen evolution 
increases. This is associated with an increase in the buoyancy force'sN 
acting on a droplet and hence a reduction in its terminal velocity. The 
true surface coverage by hydrogen bubbles is difficult to ascertain since 
it is not known what portion of each individual bubble is actually in 
contact with the droplet surface. The close approximation of Figure 26(a) 
to linearity for solutions which are less then 1.0 N suggests that V s  
under these conditions is close to one. This is much greater than would 
be suggested simply by examination of Plates 5 and 6. The deviation of 
Figure 26(a) from linearity at higher acid concentrations represents 8$ 
at 1.5 F, 15$ at 2.0 I and 50$ at 2.75 N. This must be attributed to both 
variations in Vs and also the deviation from ideal behaviour of the

r a  / hs

4.16

gen ions in solution. If we assume that unity in solutions

of the curve on Figure 26(a) yields a value of approximately 2.9 x 10 ^
m/ s for the reaction rate constant. This may be compared with the estimated

-4 /value of the mass transfer coefficient for hydrogen ions of 8 x 10 m/s.



hydrogen ion in solution. In all cases however, the variation from lin
earity is much less than would he suggested by the apparent surface coverage 
by bubbles indicated on Plates 7 and 8.

The general appearance of the droplets shown on Plates 5> 6 and 7 
has led to speculation concerning the distribution of the anodic and 
cathodic sites on the droplet surface. In solutions up to 1.5 the hydro
gen bubbles appeared to concentrate at the rear of the droplet leaving 
the front surface apparently clear. Local values of the mass transfer 
coefficient are higher at the front of a droplet and therefore it is a 
more favourable site for the transport of sodium. This suggests that 
anodic sites might have been established at the front of the droplet where 
oxidation of sodium atoms was taking place. The liberated electrons would 
be conducted to cathodic sites away from the front of the droplet, where 
discharge of hydrogen ions could take place. The turbulent conditions 
that exist towards the rear of the drop would certainly provide favourable 
conditions for the nucleation of bubbles.

In 1.5 N solution (Plate 7) isolated bubbles are visible on the 
front surface of the droplet, while in 2.1 N solution considerable numbers 
of bubbles are apparent in the frontal region. These bubbles are much 
smaller than those at the rear of the drop, giving the front surface a 
somewhat unusual appearance (Plate 8). These observations would tend to 
suggest that the anodic and cathodic sites are distributed more randomly 
over the droplet surface than implied by the photographs of droplets in 
less concentrated acid solutions.

The reason for the incubation period, during which gas evolution 
was apparently inhibited, is not clear. It may possibly reflect some ini
tial difficulty in nucleating bubbles arising from the slow accumulation 
of adsorbed hydrogen atoms on the amalgam surface.



4-5.2 The effect of sodium chloride additions to the aqueous phase

Additions of sodium chloride to the aqueous phase have been shown 
to produce a marked decrease in the rate of sodium removal from a reacting 
droplet. Figure 26 illustrates the effect on the rate of sodium removal 
of introducing 0.5 moles/litre of NaCl to solutions of varying acid con
centration.. For Figure 27 various amounts of sodium chloride, up to 
1.75 moles/litre, were added to a 1.47 N»HC1 solution. This behaviour is
accompanied by a marked decrease in the size of the gas bubbles evolved
(Plate 10) and a slight reduction in the terminal velocity attained by 
the droplet during free fall (Figure 19).

The sodium ions formed as a result of the reaction between the 
amalgam and the acidified water glycerol solutions must be transported 
away from the anodic sites on the droplet surface. The rate of transport
of sodium ions away from the interface is given by:

Na+ “ 2Ta+ ̂  f^~CNa+ -^Aq.i” E  Clm+ -Aq.s| 4.17
The rate of discharge of hydrogen ions and hence the rate of removal of 
sodium from the amalgam is given by:

m Na * k °H+ -TAq.B , 4.18
where k is the rate constant for the discharge reaction, which was est
imated to be 2.9.10 ^ m/s in the previous section.

. " . "Since, m = a Ha+ , 4-19

we may equate expressions 4*17 and 4*18 to obtain an equation involving 
the interfacial concentration of sodium ions,

c °*t -7« , - c . ♦ *r?JV  4-20
Na+ Aq

The conditions for sodium transport are more favourable at the front of a 
droplet and the rear surface will also tend to be more obscured by bubbles, 
If then we consider only the frontal region of the drop it is reasonable



to assume a local value for the mass transfer coefficient away from the
-4 /103surface of about 1.6 x 10 m/s . By substituting appropriate values 

into equation 4«20 it is possible to determine the interfacial concen
tration of sodium ions, for various bulk concentrations of sodium chloride, 
as a function of the acid concentration in the aqueous phase (Figure 32).

The maximum solubility of sodium chloride in 60 v glycerol-water 
solution, at 25°C, is 2.95 moles per litre By using the solubility
product for this solution, the solubility of sodium chloride in solutions 
containing various amounts of HC1 has been estimated and the results 
superimposed on Figure 52.

Examination of Figure 32 shows that in certain solutions the sol
ubility product for sodium chloride is likely to be exceeded at the surface
of(the droplet, which would result in the formation of salt crystals.

i
It is possible that the presence of these salt crystals might have an 
adverse effect ’on the kinetics of the surface reaction, although the 
thermodynamics of the reaction suggest that this would be unlikely. An 
interfacial layer of salt crystals might act as a physical barrier to the 
transfer of reactants, effectively reducing the surface area available for 
reaction, so that,

y  s * 1 - ( Y e ^ + yffa C1 ) 4.21

In a solution containing 1.47 moles of HCl/litre, increasing the
bulk sodium chloride concentration would increase the amount of insoluble
salt formed at the interface, resulting in a progressive decrease in the
value of Y  . This would explain the observed decrease in the rate of s
sodium removal. Unfortunately, photographs of reacting droplets in salt 
solutions have failed to reveal the presence of any such crystallites.
Their volume would be comparatively small however and the photographic 
techniques used might be inadequate to detect their presence.



It was noted that the addition of sodium chloride to the aqueous 
phase also brought about a marked reduction in the size of the bubbles 
produced. Sodium chloride is not thought to be surface active in aqueous 
solutions and hence this phenomenon is difficult to explain in terms of 
changes in the surface properties of the system. The presence of sodium 
chloride crystals at the surface of the droplet may increase the number 
of sites available for bubble nucleation resulting in the production of 
larger numbers of smaller bubbles. The observed decrease in bubble dia
meter may be associated with . an increase in Y „ which would contribute 
to the general decrease in the rate of sodium removal.

It is interesting to note that on Figure 32 the interfacial con
centration of sodium chloride for a droplet in 2.1 NHC1 solution is in 
excess of the solubility limit even when the bulk concentration of NaCl 
is zero. The sudden appearance of large numbers of small bubbles on the 
front surface of the droplet on Plate 8 may possibly be associated with 
the formation of salt crystals which would assist bubble nucleation.

4*5*5 The refining of droplets with reduced sodium contents

Experimental results have indicated that provided the sodium content 
of the amalgam is relatively high the rate of sodium removal is independent 
of the composition of the amalgam. This is not true when the sodium con
tent has fallen below some critical value, determined by the acid con
centration in the aqueous phase. The type of behaviour observed at re
duced sodium contents is illustrated by Figure 28(a), where the amalgam 
initially contained 0.19 vt jS Ha. This suggests that under these conditions 
the transport of sodium within the droplet may be controlling the overall 
refining rate, in which case the composition of a droplet after falling 
for some period of time "t,! through the aqueous phase should be given by



equation 4*10. A slight correction must he introduced however, to account 
for the incubation period. This gives,

5 /BZ" °(Na _7d
Na-7d,B ~ Na-^d,I 63qp j'

r  d
4.22

Taking logarithms,

_ /“ /O * 7 i /“/>* 7  ̂ ^ s ̂  ̂ Nag10 ̂ ^  Na-̂ d,B “ g10 ‘̂  Na-7d,I “ ------ -- ------------
2.303. r d

4.23
This has the general form of a straight line relationship. The results 
shown on Figure 28(a) can be presented in this form (Figure 33) and a 
straight line is obtained, which indicates that sodium transport control 
is operative. The gradient of the line is given by:

I 5 Z"(XIft 7 d
= 0.208 4.24

2.303 r d

The value of -7& -*•3 approximately 4 x 10~^ m/s and the equi
valent radius of the droplets used was 1.2 mm. Substitution of these
into equation 4*24 yields a value for of approximately 0.5 whichs
means that 50io of the droplet surface was effectively being masked by
hydrogen bubbles. The close approximation of Figure 33 to linearity
suggests that ^  must remain fairly constant, at this value, during s
the droplets passage down the column. This high degree of bubble coverage 
is reflected in the general appearance of reacting droplets with reduced 
sodium contents (Figures 12 and 13).

The behaviour of the bubbles on the surface of the reacting droplet 
appeared to be significantly different from that observed while hydrogen 
ion discharge was rate controlling. The maximum surface coverage by 
bubbles in 2.0 IT solution at high sodium contents ws,s estimated to be 
shout 15$, while at reduced sodium concentrations in the droplet it reached 
about 50/&. While hydrogen ion discharge control was operative the value



of V  appeared to increase with increasing rate of hydrogen evolution, s
yet with the onset of sodium transport control and reduced rates of gas
evolution, the value of Y  also appears to increase. At low sodiums
concentrations in the droplet the hydrogen hubbies apparently adhere to 
the surface of the droplet for a longer period, allowing them to grow to 
a larger size, which in turn produces a marked decrease in the terminal 
velocity attained by the droplet. The reason for this change in be
haviour is not understood, but may possibly be associated with changes 
in the surface properties of the amalgam at reduced sodium contents.

Attempts have been made to experimentally determine the composition 
at which the rate controlling mechanism changed from hydrogen ion discharge 
to sodium transport. In 2.01 IT acid solution the critical sodium content 
was about 0.21 wt fo9 whilst in 2.73 N solution it was about 0.23 wt

The rate of the hydrogen ion discharge reaction is given by equation 
4.18 while the rate of sodium transport under conditions of full dispersed 
phase control is given by,

m Na Na -^d ClTa ~^d,B 4,25
. *By eliminating m from equations 4*18 and 4*25 an expression can be 

obtained giving the critical composition at which the change in controlling 
mechanism occurs.

r~n ~i _ k “^Aq B
L  ITa J  CRIT ~ --   3 -  4.26

^  0(1 Ra d
In practical terms,

r  n * 7 = k-̂" V-Aa B.25
L  f Ra J CRIT  —  4.27

By substituting appropriate values for the constants in equation 4®27» 
the critical sodium content has been evaluated as a function of the acid 
concentration in the aqueous phase (Figure 34)® The experimentally



determined values of the critical droplet composition in 2.01 and 2.73 N 
solutions are also indicated on Figure 34® It will be noted that the 
experimentally determined values are higher than the theoretical prediction. 
This can probably be ascribed to the deviation from ideal behaviour of the 
hydrogen ion in concentrated acid solutions. More strictly the hydrogen 
ion activity should have been used, rather than acid concentration, but 
lack of information concerning water-glycerol solutions has prevented 
this. There may also be errors in the experimental values, arising from 
the use of a mean velocity, when in fact it may actually vary continuously 
through the composition range during which the mechanism change is taking 
place.

4®5®4 Comparison with metal-slag systems

It is interesting to compare the results of these model experiments
with the refining of iron-carbon droplets in an oxidising slag and in

128 129particular with the work of Hazeldean and co-workers ’ .

Hazeldean noted that especially at low carbon concentrations the 
carbon monoxide bubbles, formed as a result of the oxidation of carbon, 
could remain attached to a droplet inhibiting its descent through the 
slag and in some cases causing it to be buoyed up. Similar behaviour has 
been noted in the model system when the sodium concentration in the drop
let was low. There is also evidence that this may occur in L.D. steel 
making foams ^ 9 ^2.

Hazeldean observed that the carbon monoxide gas frequently formed 
an apparently complete halo around a reacting droplet, although the def
inition of the x-ray photographs obtained was rather limited. It was 
suggested that a gaseous oxidation mechanism involving the CO/CO^ system 
might be operative. The presence of a gas halo has also- been observed



around droplets in the model system, yet there is no comparable gaseous 
redox system available.

At high carbon concentrations it is believed that the rate of de- 
carburisation is controlled by the rate of oxygen transport in the slag, 
in which case the molar rate of carbon removal is given by.

m = /  A, /~<X„ J  T  C_, 7  t, 4.28c ° s d vPeo s *- Peo s ,B
In the model system, continuous phase mass transport control was not 
encountered, but rate dependence on the hydrogen ion concentration in 
the aqueous phase, which is the analogue of the oxygen concentration in 
the slag, was observed.

m Na = ^sAd k ^~CH+ 4.15

! At low carbon concentrations in the droplet, transport of carbonii
can become rate controlling, 

o
m c = E  c -7 d £  °c -7d,B 4.29

Similarly in the model, sodium transport control has been observed .

m Na = ^  Na ^  CNa -7d.B 4,25
The reaction mechanism does however differ in that with the iron-carbon 
system, CO bubble nucleation generally occurs within the droplet at low 
carbon concentrations. In addition, with the decarburisation reaction 
there is no analogous product of reaction to the sodium chloride pro
duced by the model system.



5.1 INTRODUCTION

The blast furnace metal and the slag phase in the L.D. steelmaking 
process were simulated in the model system by a pool of sodium amalgam 
covered by a layer of water-glycerol solution. The supersonic oxygen 
jet was represented by a subsonic gas jet composed of a mixture of nitro
gen and hydrogen chloride. This was allowed to impinge onto the surface 
of the amalgam bath causing droplets to be sprayed out into the aqueous 
phase. In addition, the aqueous phase dissolved HC1 from the jet gases 
causing it to become strongly acidic. The amalgam droplets reacted with 
the acid to produce hydrogen bubbles which resulted in the formation of 
a dynamic foam. By analysis of the waste gases leaving the converter, 
the rate of sodium removal could be monitored.

The model converter process has been used to study the effect of 
a number of recognised steel making variables and also to investigate 
the effect of certain modifications to normal steelmaking practice.



5.2 EXPERIMENTAL APPARATUS AND PROCEDURE

A diagram of the model converter and ancillary equipment is shown 
in Figure 55 and a general view of the apparatus can be seen on Plate 15. 
The apparatus can be considered in three main sections:

(a) The gas supply
00 .The converter vessel
(c) The exhaust gas system.

For reasons of safety, these were all sited beneath a fume extraction 
hood and surrounded by a polythene curtain, which extended down to within 
20 cm of the floor.

5.2.1 (a) The Gas Supply

The gases used we re supplied in cylinders by B.O.C. Oxygen free 
nitrogen, with a quoted minimum purity of 59»9^> and technical grade hydro
gen chloride, with a quoted minimum purity of 99*0^, were employed.
Hydrogen chloride is highly soluble in water (see Table 2) and on dissolv
ing in the aqueous slag phase, dissociated to provide free hydroxonium 
ions for the reaction with sodium amalgam. The nitrogen gas acted as 
an inert diluent which made possible the use of comparatively high jet 
momentums without the necessity to use excessively high EC1 flow rates.
Its presence also allowed some degree of independent control over the 
chemical function of the jet, as a source of one of the reactant species, 
and its physical effects, in creating droplets and stirring the bath.

The flow rates of the gases were controlled by means of the needle 
valves on the cylinder regulators. For prolonged runs, or when using a 
high HC1 flow rate, a heater was attached to the regulator on the HC1 
cylinder to prevent excessive cooling.



The gas flow rates were monitored by means of a pair of Series 
1000 Rotameters. A number 7 Rotameter with a Koranite float was used 
in conjunction with the hydrogen chloride supply and a number 18 Rota
meter, with an aluminium alloy float was used to measure the nitrogen 
flow rate. The quoted accuracies of 7 K and 18 A Rotameters are 
respectively and A$> at their maximum flow rate. The temperature and 
pressure of the gas leaving each Rotameter was monitored.

The two gas streams were introduced into a common mixing vessel 
with a single outlet pipe made of polythene tubing, leading to the lance. 
Air could be bled into the mixing vessel through a tap. This was only 
necessary after terminating an experiment, in order to prevent the 
aqueous phase being drawn back up the lance, as a result of the continued 
dissolution of hydrogen chloride remaining in the system.

The lance simply consisted of a length of parallel bore, {̂jnm i.d. 
glass tubing. Its tip had been ground, so that it was both flat and 
perpendicular to the axis of the lance, and flame polished. The temper
ature and pressure of the gas mixture entering the lance were monitored. 
The jet momentum was calculated from the relationship:

The lance passed through a rubber seal in the top of the model converter 
and was held in position, perpendicular to the surface of the bath, by 
a clamp. The height of the lance tip above the amalgam surface could be 
varied and was measured using a cathetometer. In most experiments the 
lance tip was below the surface of the model slag and its height above 
the amalgam surface had to be determined from the position of a paint 
mark placed on the lance about 4 cm from its tip.

n 5-1
^LA



5.2.1(b) The converter vessel

The converter vessel (Plate 16) was made in two sections by vacuum 
forming, sheets of 3 nun thick Perspex over machined aluminium formers.
Figure 36 shows the cross sectional profile of the model which represents, 
to a 1:30 scale, a 90 tonne converter at Normanby Parks Works, Scunthorpe 
at some time in the middle of a typical campaign. A 10 cm high cylindrical 
offtake, with an internal diameter of 7 cm was bolted on to the top of 
the vessel. This section was fabricated from 6 mm thick perspex sheet.
The lance, the exhaust gas pipes and the sampling probes all passed through 
and were supported by this upper section. The three sections of the 
converter vessel were bolted together by means of flanges, which were made 
from 6 mm thick perspex sheet and cemented in position. Rubber gaskets, 
sandwiched between the flanges ensured that the vessel was gas tight.

3The vessel was designed to hold 500 cm of amalgam in a pool with
a maximum depth of .5*5 cm. In all experiments the "slag” phase consisted 

3 rtfof 250 cm of 60 v glycerol-water solution. The choice of the slag
volume used was somewhat arbitrary, but was influenced by the need to have
an adequate volume in order to take a reasonable amount of sodium chloride
into solution, whilst still being comparable with the slag-metal volume

3ratio encountered in typical L.D. steelmaking practice. 250 cm of water-
glycerol solution produced a "slag" layer 1.8 cm deep with an interfacial 

2area of 125 cm in contact with the amalgam pool.

During the course of an experiment the vessel, mounted on a stand, 
was totally immersed in a tank of water. This served three purposes. 
Firstly, in the event of any gas leakage from the vessel, hydrogen chloride 
would not escape into the atmosphere. Secondly, both the dissolution 
of hydrogen chloride in water and the reaction of sodium with an acid are 
exothermic and hence the water in the tank prevented the vessel becoming 
too hot. Finally, for photographic work, the flat front of the tank and



the water within it helped minimise distortiona.1 effects produced by the 
curvature of the vessel.

5.2.1(c) The exhaust gas system

The exhaust gases were composed of a mixture of nitrogen, hydrogen 
and hydrogen chloride. These left the reaction vessel by two independent 
systems (Figure 35)* The main exhaust gas stream was washed free from 
hydrogen chloride, by bubbling it through a tank containing about 40 1 
of water, before introducing it into the laboratory fume extraction 
system.

Samples for hydrogen analysis were removed from a secondary exhaust
gas! system. A flow rate of about 10 l/min was maintained through this.1l
The gas mixture was washed free from hydrogen chloride by bubbling it through 
a bottle containing 1.5 1 of distilled water. Hydrogen and nitrogen are 
only sparingly soluble in water and hence the composition of the gas 
mixture was not significantly altered by this treatment. Any excess water 
entrained in the gas stream was collected in a trap. The gas mixture 
finally passed through a series of sample tubes which could be sealed by 
taps at both ends, thus allowing a sample to be trapped within them.
Up to 15 sample tubes were attached to the system, but flow through a max
imum of only 3 was permitted any instant. As one tube was sealed, with 
a sample inside it, a new one could be opened allowing the gas stream to 
flow through it. Samples were generally taken at intervals of 30 seconds.
The gas mixture passing through the sample tube was introduced into the 
laboratory fume extraction system.

The effect on the refining process of varying the pressure in the 
reaction vessel was examined in a series of experiments. The pressure 
inside the vessel was increased by introducing a constriction into the



exhaust pipe, close to the model converter. The constriction simply 
took the form of a plastic plug, through which a small hole had been drilled. 
By varying the size of the hole in the plug, different pressures could be 
achieved inside the vessel.

5.2.2 Sampling and analysis of gas mixtures

By measuring the volumetric flow rate of nitrogen through the system 
and the hydrogen content of the waste gases, it was possible to determine 
the rate of sodium removal from the amalgam in the reaction vessel. The 
concentration of hydrogen in the waste gases was low, generally less than 
5 v/o, and hence analysis techniques involving gas chromatography were 
employed. The high diffusivity and the relatively high thermal conduct
ivity of hydrogen make it ideally suited to this method of analysis.

5.2.2(a) Sample collection

The gas sample tubes were made from 20 cm long pieces of 12 mm i.d., 
pyrex, glass tubing with a tap sealed into either end. A small hole was 
cut through the wall of the tube about 5 cm from one end using a diamond 
cutting wheel. This allowed a hypodermic needle to be inserted into the 
tube, in order to remove samples for injection into the chromatograph.
A piece of self sealing silicone rubber strip was placed over the hole and 
held in place by a double turn of stainless steel wire. Before assembly, 
the interface between the rubber strip and the glass surface was sprayed 
with Edwards silicone sealant, which after leaving to harden overnight 
produced a gas tight seal. The tubes were generally checked to ensure 
that they were gas-tight by connecting one end to a manometer and intro
ducing gas into the other end, to produce a slight excess of pressure in 
the tube. Any change in the manometer reading indicated a leak.- The rubber



seal was replaced and the taps cleaned and greased prior to every experiment.

After the withdrawal of a specimen for analysis it was necessary to 
replace the volume of gas removed from the tube by introducing an equiv
alent volume of a suitable liquid, in order to prevent a negative pressure 
being created. This was achieved by totally immersing the sample tube in 
a bath of hydrogen saturated water. The tube was held in a clamp, inclined 
at an angle of about 30° to the horizontal, with the end nearest the rubber 
seal uppermost. A small amount of air was generally trapped in the open 
end of the lower tap and before the tap could be opened this had to be 
flushed out using a syringe filled with water. The upper tap was left 
closed. The hypodermic needle of the gas syringe could then be inserted 
into the tube through the rubber seal and a sample withdrawn, whilst still 
maintaining a slight positive pressure inside the tube. Before introducing

i
a sample into the chromatograph, the hypodermic needle was always washed in 
alcohol and dried to prevent water being introduced into the separation 
columns•

5.2.2(b) The chromatograph

A Fisons Mini I gas chromatograph was employed. The unit included 
two columns, one containing silica gel and the other containing a 5 A 
molecular sieve of 40 - 60 mesh. The latter was found to be more suitable 
for hydrogen analysis. Samples were introduced into the active column, 
through an injection port sealed by a siliconerubber serum cap, using a 
Hamilton gas tight syringe. The detector employed in the instrument con
sisted of a two thermistor katharometer. The optimum operating conditions 
were determined by trial and error and are summarised in Table 8.

Both columns periodically required reactivating in order to prevent 
the accumulation of moisture, which could seriously effect the accuracy of



the instrument. Reactivation was carried out after every third experiment
by heating the columns in an oven at 525°C> whilst passing high purity argon

2 2through them at a pressure of 10 Kg f/cm (l5 lb f/in ). The total heating 
time was 15 minutes after which they were allowed to cool, while still pass
ing a stream of argon through them. This procedure was rigorously adhered 
to as slight variations could bring about significant changes in the cali
bration of the instrument

Samples were introduced into the chromatograph using a 1 ml Hamilton 
gas-tight syringe. The sample volume employed was 0.5 ml and this could 
be reproduced to an accuracy of 0.5i<>

Attempts were made to continuously analyse the gases leaving the 
vessel with the aid of a katharometer,sited in the waste gas stream. Both 
hot wire and two thermistor type katharometers were improvised. This work 
was abandoned after difficulties were encountered in maintaining a constant 
flow rate and in stabilising the temperature of the gases flowing through 
the instrument.

5.2.2(c) Calibration

Figure 57(a) shows a typical analysis trace produced on the chart 
recorder after the injection of a gas sample .into the chromatograph. The 
first peak is attributed to hydrogen whilst the second broader peak is 
due to nitrogen. The dotted line indicates the position of the oxygen 
peak. This was occasionally observed in the first sample taken after the 
commencement of an experiment, but its appearance on any other occasion 
indicated that the sample tube was leaking and that the result was con
sequently invalid*

The area enclosed by a peak is a measure of the quantity of that 
component in the specimen. The area under the hydrogen peak was



determined by approximating it to a triangle as shown in Figure 37(b)* Norm
ally four separate specimens were taken for analysis from each gas sample and 
the. mean hydrogen peak area determined. Using a previously prepared calibration 
chart, the composition of the sample could then be determined. From a know
ledge of the flow rate of nitrogen through the model converter and after apply
ing a small correction for the vapour pressure of water in the sample, the 
rate of sodium removal from the amalgam could be determined.

Mixtures of hydrogen and nitrogen in various ratios were produced by mix
ing the gas streams from a pair of Quickfit FMO/S flowmeters using di-n-butyl
phthalate as the manometer fluid. These were calibrated using an Alexander Type

+ /809 gas meter, which had a quoted accuracy of 0.25 The gas streams we re mixed 
by passing them through a column containing coarse silica gel particles. The 
resulting gas mixture was introduced into a second vessel, with a silicone 
rubber plug in the wall, through which samples could be removed using a gas 
tight syringe. Gas mixtures containing up to 5 v i<> were produced in this 
way and used to calibrate the chromatograph.

As an additional check on the above method, a number of cylinders con
taining hydrogen-nitrogen mixtures of known composition were purchased from 
B.O.C. Special Gases Division. These contained 1.05, 3*10 and 5*00 $ hydrogen.
The results obtained with these mixtures agreed with those produced by the 
previously described method. These standard gas mixtures were also used to 
check the calibration of the chromatograph after every experiment. It was 
found that results could be reproduced to an accuracy of about + 7°!°*

5.2*3 Experimental Procedure

A general view of the assembled apparatus is shown on Plate 15. The con
verter vessel was initially positioned in the perspex tank and horizontally 
aligned on its stand, using a spirit level.



The sodium amalgam used in the model converter experiments was produced 
by the method described in section 4»3«6. Using a measuring cylinder, 500 cm 
of amalgam were introduced into the reaction vessel, through a funnel, with 
its tip submerged below the surface of a, pool of distilled water. This helped 
to minimise sodium oxidation. Most of the water layer was removed using a 
25 ml and a 5 ml pipette,, leaving a thin film covering the amalgam surface* 
More distilled water was introduced and then removed in the same way, to 
eliminate any sodium hydroxide formed during the transfer of amalgam to the 
vessel. A small quantity of water-glycerol solution, of the same composition 
as that used for the model slag, was carefully introduced into the vessel 
by pouring it down the inside wall. This too was removed, leaving a thin 
film over the amalgam surface to prevent sodium oxidation. This was repeated 
twice. 250 ml of the aqueous "slag" solution could then be introduced into 
the vessel.

Two samples each of about 10 g we re removed from the amalgam bath at 
this stage, using a 5 ml pipette, and analysed for sodium using the method 
described in section 4«3»8«

The top section of the converter, together with its sealing gasket, could 
then be bolted in position and the lance inserted to the desired height above 
the amalgam surface with the aid of a cathetometer. The vertical alignment 
of the lance was always checked, to ensure that it was perpendicular to the 
liquid surface, before clamping it in position. Finally the outer tank was 
filled with water, totally immersing the model converter.

An experiment was commenced by introducing nitrogen and hydrogen chloride 
into the system at some predetermined flow rate. One operator was required 
to control the flow rate of the gases and also to monitor the temperature and 
pressure of the gas leaving the rotameters. A second person was required 
to monitor the temperature and pressure of the gas mixture entering the lance 
and also the pressure within the vessel. The volume of the foam in the



vessel was measured at regular intervals, using the graduated marks on the 
outer surface of the vessel, by a third person. Gas samples were taken at 
30 second intervals by a fourth person. Most experiments were terminated 
after about six minutes, by interrupting the flow of hydrogen chloride. Nitro
gen was allowed to flow through the system, at a reduced rate, for another 
minute in order to flush out any gaseous hydrogen chloride remaining.

While the contents of the reaction vessel were allowed to cool, attention 
was turned to the analysis of the gas samples taken, using the techniques 
described in the previous section.

Once the outer tank had been drained the vessel could be dismantled.
Large numbers of small amalgam droplets were frequently found adhering to 
the walls of the vessel and the entrance to the exhaust gas system. These 
had to be washed free using a distilled water jet. The pool of amalgam in the 
vessel could then be removed and any remaining sodium neutralised by contact 
with dilute hydrochloric acid. Treatment of the used amalgam was the same as 
described in section 4»3»7»

5.2.4 Slag Sampling Techniques

In the initial experiments with the model converter, the acidity of the 
aqueous phase was monitored using a pH meter coupled to a glass electrode inside 
the vessel. There were however, certain limitations with this technique.
No correction for the temperature variation within the vessel was possible at 
this time. There may have been errors in the results produced by the glass 
electrode arising from the hydrophilic nature of glycerol. The acid concen
tration in the aqueous phase increased rapidly, causing the pH to reach zero 
very soon after commencing the blow and hence preventing any information being 
obtained concerning the later stages of the blow.

Attempts were made to remove samples directly from the vessel during 
the course of the blow using a 25 ml pipette, inserted directly through an



open port in the top of the vessel. Samples of foam, containing about 5 ^  

of aqueous solution and entrapped droplets, were successfully collected in 
this way, with the aid of a pipette bulb. The hot acid gases escaping from 
the sampling port together with a fine spray of mercury droplets, made it a 
somewhat hazardous technique.

The most successful technique devised for sampling the foam is illustrated 
in Figure 38* A small positive pressure, equivalent to about 3 cm of mercury 
even under normal operating conditions, was produced inside the vessel. This 
was utilised to force samples of liquid out of the vessel via a 2 mm i.d. glass 
tube, inserted through the top of the vessel. The end of this tube was pos
itioned just below the surface of the quiescent slag layer, at mid radius posi
tion. Luring the course of an experiment,liquid was continuously forced up 
the glass tube and the sample which collected in the reservoir was removed at 
one minute intervals using a pipette. The volume of the sample obtained was 
about 3 ml. The EC1 concentration was determined by titration against sodium 
hydroxide solution, of known concentration, using phenol phthalein indicator.
The main drawback with this method was that the sample obtained was not rep
resentative of the model slag at the instant of sampling, necessitating a slight 
adjustment of the position of the origin on the plotted results.

5.2.5 Slag temperature measurement

A thermometer inserted into the vessel soon became totally obscured by 
foam. The temperature of the foam was therefore continuously monitored with 
the aid of a Pyrotenax chromel-alumel thermocouple in a stainless steel sheath. 
This was connected to a Honeywell Electronik 194 chart recorder. The thermo
couple was inserted into the slag at mid radius position with the tip about 
1 cm above the surface of the amalgam.

Slag samples and foam temperature measurements were generally taken



during the course of the same experiment. These were conducted separately 
from experiments in which gas sampling was being carried out.

5.2.6 Measurement of droplet splashing rate

The effect of varying the lance height and jet momentum on the rate of 
splashing from the amalgam bath was briefly investigated using the modified 
vessel shown on Plate 17. The alterations to the vessel are also illustrated 
in Figure 39*

A section was removed from the side and base of the vessel and an open 
compartment in the form of a truncated wedge, made from 2 mm thick Perspex 
sheet, was introduced through it and cemented in place. It was intended that

in this compartment and by collecting them for a known period of time, the 
splashing rate could be measured. The lower end of this droplet trap was bolted 
to the top of a rectangular column, which had been fabricated from 6 mm thick 
Perspex sheet. By observing the free fall of droplets down the lower part of 
this column it was anticipated that an estimate of their size distribution could 
be obtained.

The assembled apparatus is illustrated on Plate 18. In these experiments 
the gas jet contained only nitrogen and hence there was very little reaction 
between the amalgam and the aqueous phase. There was consequently no need to 
immerse the vessel in water. Due to the presence of the droplet trap the cap
acity of the vessel was reduced to 480 ml. The droplet trap and column were 
filled with the water-glycerol solution and a further 250 mi added to give a 
layer 1.8 cm deep above the amalgam surface.

A Perspex lid fitted over the top of .the trap to prevent droplets entering 
while the gas flow rate was being adjusted. This lid was fastened to a length 
of stainless steel wire which passed through a rubber seal in the top cf the

droplets, ejected from the bath by the impinging jet, would be trapped



vessel. Once a stable gas flow rate had been achieved the lid could be smoothly- 
removed and droplets collected for a known period of time. Since the angle 
subtended by the wedge was known to be 15°, an estimate of the splashing rate 
over the total cross sectional area of the bath could be obtained.

An attempt was made to estimate the size of the droplets being collected
by photographing them during free fall through the lower section of the column.
A similar photographic technique to that described in section 4*3*10(c) was
employed. The lip of the droplet trap had been filed to an acute angle in order
to minimise droplet fragmentation on the edge, which would have modified the
observed size distribution. Unfortunately it was not possible to develop
this technique fully in the time available and only limited results have been 
obtained.



5.3 RESULTS OP MODEL CONVERTER EXPERIMENTS

5.3.1 General refining characteristics

The progress of a typical experiment is illustrated by Plates 19(a) to 
19(f). Plate 19(a) shows the model converter just before the start of a blow. 
The vessel contained 500 ml of approximately 0.6 wt $ Na amalgam covered by 
250 ml of 60 glycerol-water solution.

A blow was commenced by introducing a mixture of nitrogen and hydrogen 
chloride gas through the lance at some predetermined flow rate(Plate 19(b)). 
Hydrogen chloride from the jet gases dissolved in the model slag causing it 
to become strongly acidic. The amalgam reacted with this acidified water 
glycerol solution producing hydrogen bubbles which caused a foam to develop 
(Plate 19(c)). The foam volume reached a maximum value about 3 minutes after 
the start of the blow (Plate 19(d)) and then proceeded to slowly collapse.
Plate 19(s) shows the level of the foam just prior to terminating the blow.
This was generally carried out about six minutes after the start of the blow, 
by interrupting the flow of gas through the lance. Despite the fact that per
haps only half of the sodium initially present in the amalgam had been removed, 
the collapse of the foam was fairly rapid, taking only about 20 seconds for 
the volume to fall to that of the original slag present (Plate 19(f)).
L.D. steel making foams also collapse rapidly after termination of blowing, 
reflecting their dynamic nature.

The jet gases themselves did not contribute directly to the expansion 
of the foam. Plate 20 illustrates a blow in which the jet gases contained 
only nitrogen. Although considerable turbulence is evident in the jet impinge
ment zone, the slag phase has not expanded significantly.

The impinging jet gases not only provided acid for the refining reaction 
but also ejected large numbers of droplets from the metal bath. During the 
initial stages of the blow, before the development of the foam, relatively



large drops of amalgam, up to several millimetres in diameter, were frequently- 
observed being ejected through the slag phase in the vicinity of the jet im
pingement zone. Even when the foam had developed, smaller droplets together 
with volumes of slag were continuously ejected high into the vessel, before 
falling back into the foam or running down the walls of the converter. The
ejection of aqueous droplets into the gas space above the bath would undoubtedly

78 81assist the transfer of HC1 to the slag phase * . Amalgam droplets falling
through the foam, close to the converter wall, were frequently observed.
Reacting droplets were accompanied by a white trail of hydrogen bubbles
(Plate 2l). Apart from these droplets nothing was visible through the foam layer,
since the hydrogen bubbles formed made it virtually opaque.

After terminating a blow, especially when the sodium content of the amal
gam was low, large numbers of small droplets ( < 0.5 nun dia.) tended to accum
ulate in the meniscus between the surface of the amalgam and the vessel wall.
Some of these were attached to bubbles which eventually carried them to the 
surface where the bubble burst allowing the droplet to fall back through the 
slag. This could be repeated several times. Similar behaviour was observed
in the single droplet studies (Plate 14) and comparisons may be made with

16 51 52 128 129observations in slag-metal systems ^  Whether such behaviour
could occur during the course of a blow in the model converter is not known.
The turbulence produced by the gas jet may prevent the permanent attachment 
of amalgam droplets to particular bubbles.

The circulation patterns produced in the foam layer by the gas jet were
especially well developed. The surface layers of the foam appeared to move
outwards from the jet impingement zone, down the wall of the vessel and back
across the surface of the metal bath towards the axis of the vessel. This

92is in the opposite direction to that observed by Kluih and Maatsch y , although 
they studied the impingement of a gas jet onto stable foams of large bubbles 
at lance-bath distances generally greater than those employed her s. It was 
not possible to ascertain whether any complementary circulation patterns were.



induced in the amalgam hath. There was however a tendency to set up a standing 
wave at the surface of the amalgam bath, which rotated about the vertical axis 
of the vessel. This probably arose from instabilities in the jet since for 
most experiments the jetting conditions were within the penetration mode.

The duration of the blow was limited to about 6 minutes for most experi
ments. Not all of the sodium initially present co.uld be removed in this time, 
except in those experiments when the amalgam contained deliberately reduced 
amounts of sodium. The blow was limited to this period in order to prevent 
excessive amounts of insoluble sodium chloride accumulating in the model slag.

Samples removed from the model slag showed that the acid concentration 
increased throughout the blow and hence the solubility limit for sodium 
chloride would steadily decrease. However, the temperature of the slag also 
increased throughout a blow which would tend to enhance sodium chloride solu
bility. In those experiments where the highest rates of sodium removal were 
encountered, insoluble sodium chloride crystals were observed after about four 
minutes from the start of the blow, in samples removed from the vessel and 
allowed to cool to room temperature. Terminating a blow after about 6 minutes 
and allowing the vessel contents to cool caused significant amounts of sodium 
chloride to precipitate, making the aqueous phase very viscous.

By carefully monitoring the flow of nitrogen through the model converter 
and by analysing the exhaust gases it was possible to relate the rate of hydrogen 
evolution to the rate of sodium removal from the bath. The majority of the 
experiments were carried out with amalgam initially containing about 0.6 wt °/o Na. 
A limited number were also carried out with amalgam initially containing about 
half this amount, in order to study the refining characteristics at low sodium 
concentrations. The refining behaviour for various experimental conditions 
is described in detail later but it is useful to mention here the general form 
of the sodium removal rate curves obtained.

With amalgams initially containing about 0.6 wt two distinct stages



were identified in the refining process. These may be compared with Stage I 
and II on the idealised decarburisation curve for the L.D. process shown in 
Figure 4« Initially the rate of sodium removal increased rapidly. Eventually, 
an approximately steady rate was achieved, the value of which was influenced 
by the operating conditions. Whether it is reasonable to consider this stage 
as a true rate plateau is open to debate. As with Stage II decarburisation in 
the L.D. process (Figure 3)» there were quite abrupt changes in the rate of 
sodium removal, together with more general trends, all within the limits of 
accuracy of the analysis techniques used. It is useful however to consider 
it as a rate plateau and use the mean refining rate during this period as a 
criteria for comparing sets of data.

At reduced sodium concentrations a third refining stage was observed during 
which the rate of sodium removal progressively decreased. This is comparable 
with Stage III on the decarburisation rate curve (Figure 4)•

5»3»2 The effect of varying the composition and momentum of the jet

It has been shown that the rate of sodium removal from a single droplet 
of amalgam is dependent upon the acid concentration in the aqueous phase, pro
vided that the sodium content in the droplet is sufficiently high. It is reas
onable to expect that the rate of sodium removal from the metal bath in the 
model converter would, to some extent,be dependent upon the acid concentration 
in the model slag and hence would be related to the rate of supply of hydrogen 
chloride to the system.

Experiments were carried out to determine the effect of varying the com
position of the jet gases on the refining characteristics of the model, using 
amalgam initially containing about 0.6 wt $  Na. Two series of experiments 
were performed, one using a jet momentum of 77 mN and the other a jet momen
tum of 102 mN. The height of the lance tip above the amalgam surface was set



at 2.5 nim for both series of experiments.

The above conditions were chosen in order to produce a jet within the 
80deep penetration mode . The conditions employed on commercial L.D. steel 

making plants are believed to be such that the jet penetrates to a depth of
6 9between 50 and 00io of the overall depth of the metal bath ’ . Using equation

2.1 the depth of penetration into the amalgam bath by jets with momentums of
77 eqU and 102 mU has been estimated to be 5*0 cm and 4»1 cm respectively. The

81overall depth of the amalgam pool was 5*5 cm. Chatterjee has estimated 
that the critical depth of penetration for the onset of splashing from a pool 
of mercury is 0.8 cm and clearly this will be exceeded in these experiments.
The need to produce reasonable rates of gas evolution, in order to sustain a 
foam, and also practical and economic limitations on the apparatus were also 
taken into consideration when deciding the blowing conditions to be used.

The refining curves obtained by using various jet compositions, ranging 
from 7.2 to 14.6 v io HC1, while maintaining the jet momentum at 77 mN are 
illustrated in Figures 40 to 44* The refining curves produced when using a jet 
momentum of 102 mlT with jet compositions ranging from 6.4 V i  to 13.1 v i  HC1 
are illustrated in Figures 45» 46, 47 > 48, 54 and 74* The conditions used 
for each experiment are summarised on Table 9«

The refining curves obtained were of the general form described in idie 
previous section. All showed an initially rapid increase in the rate of sodium 
removal followed by a second period during which the refining rate remained 
fairly constant. The Stage II refining period appeared to be achieved more 
rapidly and also at generally higher rates, as the rate of introduction of HC1 
into the system was increased. As suggested in the previous section, it is 
convenient to use the mean rate achieved during Stage II as a criteria for 
comparing results. In Figure 49(a) the mean Stage II refining rate is plotted 
against the jet composition for each series of experiments. The rate of sodium 
removal clearly increases with increasing EC1 concentration- in the jet gases.



Enhanced refining rates would also appear to be associated with higher jet 
momentums.

The foam volume, like the refining rate, also increased rapidly in the 
early stages of the blow, eventually reaching a maximum value at a time which 
coincides with the start of the Stage II refining period. This is best illus
trated on Figure 45 where the results obtained with jet compositions of 6.4 
and 13.1 v io HC1 are presented together. The maximum foam volume attained 
appeared to be independent of the blowing conditions.

Samples have been removed from the model slag during the course of a blow 
and analysed to determine the acid concentration. Figure 50 illustrates the 
change in composition of the slag phase during the course of a blow using a 
jet momentum of 102 mU and jet compositions of 6.4 and 13*1 v i  HC1. The 
acid concentration in the slag is clearly related to the hydrogen chloride 
content of the jet gases which probably accounts for the observed effects on 
the rate of sodium removal.

The temperature of the model slag was also influenced by the composition 
of the jet (Figure 5l)* This is probably associated with the increased rate 
of dissolution of HC1 from the jet gases and increased rates of sodium removal 
from the amalgam, since both reactions are exothermic.

5.3*3 The influence of lance height

The rate at which droplets were tom from the amalgam bath by the imping
ing gas jet and returned to the bath outside the area of the central crater, 
was determined for various lance heights at jet momentums of 77 and 102 mEf, 
using the apparatus and techniques described in section 5*2.6. The results 
obtained are illustrated in Figure 52, the splashing rate being defined as 
the volumetric rate at which droplets were returned to the bath over its total 
area outside the immediate vicinity of the impact crater. The volumetric rate



of droplet ejections increased steadily as the lance height was reduced below
81that required for the onset of splashing until some critical height was 

reached, below which the rate of ejections increased abruptly. Results became 
erratic as the lance tip was brought very close to the amalgam surface. At 
all lance heights, the splashing rates produced by a jet with a momentum of 
102 mN were consistently greater than those produced by a 77 mN jet.

Attempts were also made to determine the size distribution of the drop
lets being ejected from the bath, by photographing them as they fell into 
the collection column. Plate 22 shows a typical photograph obtained. The 
majority of the droplets observed were very small, generally less than 1 mm 
in diameter. Occasionally, isolated droplets of up to several millimetres 
in diameter were observed, presumably arising from instabilities in the jet 
impact crater. Estimation of the size distribution of the droplets falling 
into the trap proved to be impossible, due to their generally small size and 
the very large numbers in which they were being created, especially at the 
smaller lance heights used.

The methods used to measure the splashing rate and to estimate the size 
distribution of the droplets formed we re only of an exploratory nature and 
clearly the techniques used require further development. The results obtained 
do however serve to indicate the large number of droplets which can be formed 
by the impinging gas jet and hence the large interfacial - area which can be 
created in the model slag-metal-gas emulsion.

The experiments conducted to evaluate the effect of varying the lance height- 
on the refining characteristics of the model are summarised in Table 10.
The individual refining curves obtained for each lance height are presented in 
Figures 53 to 58* All these experiments were carried out with a gas mixture 
containing 12.1 v $ HC1 and at a jet momentum of 110 mN.

Figure 59 indicates .that as the lance height is raised, the mean stage II 
refining rate decreases progressively, although possibly not as much as one



might have expected from the results of the splashing rate experiments. At a 
lance height of 44 mm, "the rate of ejection of droplets from the hath is very 
low (Figure 52), yet the mean stage II refining rate is still 70/0 of the max- 
imum mean refining rate observed in this series of experiments (Figure 59) •
This suggests that reaction at the interface between the bulk amalgam pool and 
the slag phase can contribute significantly to the overall refining rate.

It is interesting to note that at very elevated lance heights, the vari
ation in refining rate observed during the stage II period could be quite sig
nificant (Figure 58)* Similar erratic changes in gas evolution rate can also
occur in L.D. steelmaking when an excessively soft blowing practice is being 

6 64employed * . In steelmaking this is attributed to the excessive accumulation
of iron oxide in the slag coupled with inadequate agitation of the bulk bath 
by the gas jet. Similarly in the model if stirring in the bulk amalgam bath 
is inadequate then the surface layers may become depleted in sodium causing 
the rate of sodium removal to fall and thus allowing the acid concentration in 
the slag to rise. Fresh amalgam being swept to the surface would then encounter 
the highly acid slag and the rate of gas evolution would increase markedly.

As the lance height was raised the rate of sodium removal from the amal
gam fell progressively and hence less HC1 was being consumed from the slag.
One would therefore expect that the acid concentration in the slag would in
crease more rapidly with increasing lance height. This behaviour is confirmed 
by Figure 60 which shows the change in acid concentration in the aqueous phase 
throughout a blow, using lance heights of 2.5 mm and 20.5 mm. The temperature 
variation in the foam, for the same pair of experiments is shown in Figure 6l.

5*3*4 The effect of sodium chloride additions to the aqueous phase

Single droplet experiments have shown that additions of sodium chloride 
to the aqueous phase can reduce the rate of sodium removal .from a drop. In



the model converter, the sodium chloride content of the slag was initially 
zero, hut increased progressively throughout an experiment. Towards the end of 
a typical 6 minute blow the solubility product for sodium chloride could even 
be exceeded, resulting in the precipitation of crystals within the aqueous 
phase.

Figure 62 compares the results of two experiments carried out under almost 
identical conditions. In one case however, the aqueous slag phase initially 
contained no salt whilst in the other it contained 2.0 moles/l of NaCl. The 
experimental conditions are summarised in Table 11 and the results for the 
"salt free" experiment are shown in Figure 48* The variation in temperature 
and HC1 concentration in the slag phase are compared for a similar pair of 
experiments in Figures 63 and 64.

During the early stages of the blow, the relative rates of sodium removal 
for the two experiments were as anticipated. The results of the experiment using 
an aqueous solution initially containing no salt, were consistently higher 
than those with a slag solution containing 2 moles/l of I'faCl. The stage II 
refining rate eventually attained in the experiment to which sodium chloride 
had been added to the slag was however, significantly greater than that observed 
with the "salt free" experiment. Such behaviour is difficult to explain simply 
on the basis of the results of the single droplet experiments alone.

During the course of a blow, droplets falling close to the wall of the 
vessel could be observed during their passage through the foam. With a slag 
initially containing no sodium chloride, droplets of about 1 mm in diameter 
took about 2 seconds to traverse the height of the foam. In the experiment in ' 
which the slag phase initially contained 2.0 moles/l of NaCl, the solubility 
product for sodium chloride was soon exceeded causing salt crystals to precip
itate and hence making the slag rather viscous. . In this case, 1 mm diameter 
droplets, close to the wall of the vessel, took about five seconds to traverse 
the height of the foam, suggesting that the residence time of droplets in the 
foam as a whole may have increased. Such an increase in the residence time



might explain the relative values of the mean stage II refining rate. It is 
interesting to note that the foam volume and hence the residence time for hubbies 
in the slag phase, did not appear to be influenced to the same extent by the 
premature precipitation of salt crystals (Figure 62(b)).

5»3«5 Refining at elevated pressures

A series of experiments were performed in order to test a theory that 
the refining rates in the model converter might be enhanced by increasing the 
pressure within the vessel. The basis for this theory will be discussed in 
section 5«4.1.

The conditions used in this series of experiments are summarised in Table 12 
and tfye sodium removal rate curves for the experiments at elevated pressures

iare illustrated in Figures 65 to 68. The refining curves for the experiments 
conducted at a vessel pressure of one atmosphere are illustrated in Figures 41 
to 43* The composition of the gas mixture used was 12.5 v *fo HC1, the jet mom
entum was 77 mR and the lance height was 2.5 mm. As before the initial com
position of the amalgam used was approximately 0.6 wt rfo Na. The effect of 
increasing the excess vessel pressure up to a value of 0.75 atmospheres was 
studied.

Figures 69 and 70 indicate that an increase in the internal vessel pressure 
is associated with an increase in the mean stage II rate of sodium removal and a 
decrease in the maximum foam volume attained. Examination of Table 12 however, 
shows that as the pressure increased the volumetric flow rate of HC1 and IT , 
converted to S.T.P., also increased. This can be attributed to the increase in 
the density of the gas passing through the Rotameters. In order to maintain a 
constant Rotameter reading and hence a constant jet momentum, the mass flow 
rate of gas had to be effectively increased. It has been shown in section 
5*3*2 that an increase in the rate of introduction of hydrogen chloride into



the vessel will in itself produce an increase in the rate of sodium removal, 
which must in part account for the enhanced rates associated with an increase 
in vessel pressure.

The results obtained by varying the jet composition at one atmosphere 
pressure, using a jet momentum of 77 nrN and a lance height of 2.5 nun, are 
illustrated on Figure 49(a). These may be presented slightly differently by 
plotting the mean stage II rate for each experiment against the effective flow 
rate of hydrogen chloride at S.T.P. (Figure 49(b))* The graph may then be used 
to evaluate the relative contributions of pressure and HC1 flow rate to the 
refining rates obtained using elevated pressures inside the vessel (Figure 7l)* 
This approach is not strictly correct since in the experiments conducted at one 
atmosphere pressure, the change in mass flow rate of HC1 was achieved by varying 
the composition of the jet and hence presumably the concentration gradient 
between the bulk gas phase and the gas in contact with the aqueous phase.
This approach does however give a useful indication of the contribution to 
the overall refining rate of pressurising the vessel.

Figure 71 indicates that the refining rate is indeed enhanced by pressur
ising the vessel. At the maximum excess vessel pressure employed in this 
series of experiments, 0.75 atmospheres, approximately 15$ of the observed 
mean stage II refining rate is attributable to the pressure increase alone.
Linear extrapolation of these results suggests that, at an excess vessel pressure 
of one atmosphere the contribution to the refining rate of pressurising the 
system would be about 20$, under these blowing conditions.

The composition and temperature of the model slag has been monitored 
throughout blows in which the vessel pressure has been increased. Figures 72 
and 73 suggest that at elevated pressures, both the temperature and acid con
centration in the model slag increase slightly more rapidly than at one atmos
phere pressure.



5*3*6 Experiments at constant mass flow rate

In the previous section it was mentioned that the mass flow rate of gas 
through the lance had to he increased in order to maintain the jet momentum 
constant, when the internal pressure in the reaction vessel was increased.
If however, the mass flow rate of gas into the vessel had been maintained at a 
constant value then the jet momentum would have fallen. Pairs of experiments 
have been performed using the same mass flow rate of jet gases but differing 
vessel pressures, in order to compare the refining rates produced under these 
conditions.

The experimental conditions used and the results obtained are summarised 
in Table 13. The sodium removal rate curves for each pair of experiments are 
compared in Figures 74 and 75* The variation in slag temperature and acid con
centration during the blow, for a pair of experiments carried out under similar 
conditions to those used to obtain Figures 75(a) and 75(b), are illustrated in 
Figures 76 and 77*

It will be noted that in both pairs of experiments, the mean stage II re
fining rates achieved at constant mass flow rate are very similar. It has been 
shown in section 5*3*2 that the rate of sodium removal can be influenced by 
the jet momentum, whilst in section 5*3*5 ib was shown that the refining rate 
could be enhanced by pressurising the rection vessel. By maintaining a constant 
mass flow rate of gases through the lance, the pressure inside the vessel could 
only be increased at the expense of jet momentum. The effects of the two 
variables on the refining rate therefore essentially neutralise each other.
The constancy of the mean stage II refining rate suggests that the contribution 
of each of these variables is very similar, at least over the rather limited 
range of experimental conditions studied here.



5.3*7 Refining at low sodium concentrations

In all of the previous experiments the initial composition of the amalgam 
used.was approximately 0.6 wt $ Na. A limited number of experiments have also 
been conducted using amalgam initially containing about half of this amount of 
sodium. These are summarised in Table 14.

The sodium'removal rate curves produced in these experiments were signifi
cantly different from those obtained with high sodium content amalgams.
Figures 78 and 79 illustrate the results of two experiments carried out under 
similar conditions to those used to produce Figure 48 (Table 9)> with the 
exception that the initial composition of the amalgam used was approximately 
0.3 wt $ Na. The early stages of the blow were similar. The rate of sodium 
removal increased rapidly, eventually reaching a maximum at a similar value to
the mean stage II refining rate in Figure 48. The rate of sodium removal then

!

decreased steadily as the blow proceeded, despite the fact that a significant 
amount of sodium still remained in the amalgam. The change in acid concentration 
throughout the blow did not appear to be affected by the change in the initial 
sodium content of the amalgam (Figure 80). The slag temperature did however 
reach a maximum value, reflecting the decrease in the rate of sodium removal in 
the later stages of the blow. (Figure 8l).

Single droplet .studies showed that at low sodium concentrations the rate 
controlling process became that of sodium transport in the amalgam. The com
position at which the controlling mechanism changed from hydrogen ion discharge 
was shown to be dependent upon the acid concentration in the aqueous phase.
The change in the refining characteristics of the model converter are probably 
related to this change in rate controlling mechanism.

By determining the area under the curves in Figures 78 and 79 it is possible 
to obtain the rate of sodium removal as a function of the amalgam composition 
and hence estimate the composition at which the controlling mechanism changes 
in the model converter (Figure 84). This will of course be influenced by the



initial composition of the amalgam and the acid concentration in the aqueous 
phase. Super imposed on Figure 84 are the results of two experiments conducted 
with an elevated vessel pressure (Figures 82 and 83). There is clearly a great 
deal of variation in the results shown in Figure 84. The decrease in refining 
rate associated with the change in rate controlling mechanism appears to occur 
at lower sodium concentrations in those experiments where the initial sodium 
content of the amalgam was lowest, yet in theory one would expect the reverse 
behaviour.

Figures 85 and 86 compare the results obtained when using lance heights 
of 2.5 and 20.4 mm. It will be noted that the amalgam composition at which the 
refining rate decreases is greater for the experiment carried out with the larger 
lance height. The critical composition for the change in rate controlling 
mechanism for single drojjlets has been shown to increase with increasing acid 
concentration while the acid concentration in the model slag has been shown to 
increase more rapidly as the lance height is revised (Figure 60). These two factor 
probably explain the observed change in the critical composition as the lance 
height is raised.

The results obtained for'this particular area, of investigation are clearly 
very limited and more work is required. They do however serve to show that 
the change in refining mechanism observed with single droplets is reflected 
in the behaviour of the multiple droplet system and that the change occurs 
over a comparable composition range.



5*4 DISCUSSION

5.4.1 Refining Under Hydrogen Ion Discharge Control

5.4.I (a) Qualitative Assessment of the Mode], Converter

The model converter developed during the course of this work appears 
to simulate most of the important gas-slag-metal interactions observed in 
the L.D. steelmaking process. The impinging gas jet caused large numbers 
of droplets to be ejected from the metal bath into the model slag, while 
at the same time hydrogen chloride from the jet gases dissolved in the 
aqueous slag causing it to become highly acidic. The dual function of the 
oxygen jet in steelmaking, namely its physical contribution in creating 
droplets and hence a large surface area for reaction and its chemical 
effect in providing one of the reactant species, were consequently sim
ulated in the model. In steelmaking however, the transfer of oxygen to the 
slag phase is not a simple dissolution process and hence there is no analogy
in the model with the reaction between iron and oxygen in the jet impinge
ment zone.

The amalgam droplets within the slag phase reacted with the acid in 
solution producing hydrogen bubbles which resulted in the formation of a 
foam.

Z"Na_7d + (HCl)Aq —  (NaCl)Aq + U^?)w

This is analogous to the reaction of iron-carbon alloy droplets in an 
oxidising slag to form carbon monoxide bubbles.

Z~q_7d + (FeO)g —  Z"F e_7 + (C0)p

There is however, no analogous product of reaction to the sodium chloride 
produced by the reaction in the model system. In the single droplet 
studies it was noted that the presence of sodium chloride in the aqueous



phase could influence the rate of reaction of amalgam droplets. Its 
accumulation in the model slag during the course of a blow and its conse
quent effect on refining rates might impose limitations on the usefulness 
of the model.

Just as in L.D. steelmaking, the foam produced in the model converter
51was dynamic- in character . If the blow was interrupted then it collapsed

quite readily, reflecting the inability of water-glycerol solutions to
142sustain a stable foam . The jet gases did not appear to contribute dir

ectly to the gas within the foam, as illustrated by Plate 20, but they did 
contribute indirectly by agitating the bath and providing one of the reactan 
species.

The sodium removal rate curves for the model system were of a similar 
form to the decarburisation rate curves encountered in L.D. steelmaking 
(Figures 3 and 4) • The rate of sodium removal increased rapidly during the 
first few minutes of the blow while the foaming slag was being established, 
but eventually attained a rate plateau, although significant variations 
about the mean value were observed. As in oxygen steelmaking, the rate 
controlling mechanism appeared to change in the later stages of the blow 
when the composition of the metal bath fell below some critical value.
The refining rate then proceeded to decrease as the blow continued.

In oxygen steelmaking the slag temperature increases rapidly in the
“j Q

early stages of the blow, eventually reaching a relatively steady value “ 5 
In the model however, the slag temperature appeared to increase steadily 
throughout a typical six minute blow. This behaviour probably explains the 
decrease in foam volume observed after the plateau refining rate had been 
achieved. During the first few minutes of the blow the temperature of the 
mode], slag steadily increased and the foam expanded as the rate of hydrogen 
evolution increased. Once the stage II rate plateau had been achieved the 
rate of gas evolution remained relatively constant. The temperature of the



slag however continued to rise, causing its viscosity to decrease and hence 
allowing the bubbles formed within it to escape more easily.

5-4.1. (b) Mathematical Interpretation

According to the theories of Meyer and Trentini, up to two thirds of
the carbon initially present in the steelmaking bath can be removed via

11 l6droplets dispersed in the slag^gas foam ’ . Carbon removal from droplets
within the foam is probably especially important in the first half of the

56blow, before the start of the carbon boil in the bulk bath . For most of 
the model experiments therefore the blowing conditions were chosen in order 
to maximise the contribution of refining processes occurring within the 
foam. Jet momentums ranging from 77 to 110 mil were employed and, except 
for one series of experiments, the lance height above the surface of the 
amalgam pool was 2.5 mm. The jet penetration under these conditions was 
estimated to be between 60 and 75^ of the overall depth of the bath (see 
section 5*3*2), which is comparable with the depth of penetration believed

6 9to be attained by the oxygen jet into the pool of steel in an L.D. converter .
The conditions employed were consequently well within the regime in which
Chatterjee predicts that considerable splashing will occur from an amalgam'

78 81bath ? . This was also confirmed experimentally (Figure 52). Since
hydrogen chloride only behaves as an acid in the presence of water, it was 
hoped that by using a relatively low lance height the entrainment of the 
aqueous slag phase into the jet would be minimised and hence any reaction 
occurring in the jet impact crater could be ignored.

The overall rate of sodium removal from the droplets dispersed in 
the foam is given by:

. 11
“iTajF = * "W,! ‘ 5.2

where is the total surface area available for reaction between the amal-
!/

gam droplets and the aqueous phase and d is the mean rate of sodium



removal per unit area of droplet surface.

If droplets are being ejected from the metal bath, by the impinging 
gas jet, at a rate V? and the mean surface area of the individual droplets 
formed is A^, then the total surface area of droplets in the foam (A^) is 
given by:

= V. ^ > ' 5*3
where I is the mean residence time for droplets in the foam.

While an amalgam droplet is in the foam it will contact both the 
acidified water-glycerol solution and also bubbles of hydrogen. Only a 
fraction of its surface ( Y  - — ) will therefore be in contact with the aqueoub 9 -b'
phase and hence the effective total area available for reaction will be:

V “ ^  *d r  5.4
It should be noted that Y g ^ has a slightly different physical significance
than the variable Y g encountered in the previous chapter. In the single 

. /droplet work, Y a is the fraction of the surface area of the drop that isO
not covered by gas produced by the reaction cf that drop. For a droplet in 
the converter, Y a represents the fraction of the surface area of theb , .t?
drop not covered by gas from the reaction of all the drops in the foam.

The single droplet experiments showed that, provided the sodium con
tent of a droplet was sufficiently high, the rate of sodium removal was con
trolled by the rate of discharge of hydroxonium ions at the amalgam surface 
and hence,

m Na,d = k 4,18

The overall rate of sod.ium removal from the droplets in the foam is there
fore given by;



The hydrogen ions for the reaction with sodium were transferred from
the gas jet to the model slag, as hydrogen chloride, at some rate .
At the same time however, hydrogen ions were being consumed by the reaction
with sodium.at a rate m TT The rate of accumulation of acid moleculesUa,F
in the slag will therefore be related to the difference between the rates of 
these two processes.

• •

d ̂ ~°H+ —^Aq ,B = “HCl " “lla.F 5 g
dt vs

By substituting for m ^  ^ using equation 5*5 we obtain,

d ̂ CH+--Aa,:e = “eci " V  K k  ̂ CH+-7Aq,B j 5.7
dt

The acid concentration in the model slag should therefore be obtainable by 
integrating the above expression. Unfortunately m^^ is likely to vary 
throughout an experiment and will also be influenced by the concentration 
of hydrogen chloride in the bulk slag phase.

Mass transfer from a gas jet to a liquid has been studied by a
number of workers and solutions are available for blowing conditions which

73 101produce a stable impact crater x . With the present model system 
however, blowing conditions were chosen so that both the jet and the im
pingement- crater in the amalgam bath would be unstable. In addition, 
the lance tip was generally submerged below the surface of the model slag.
Large numbers of aqueous phase droplets were ejected into the gas space 
above the bath, which would undoubtedly assist the transfer of hydrogen chloride 
to the bulk slag layer. The information in the literature is therefore 
not applicable to the model system under consideration.

In order to simplify the problem it is reasonable to assume that the 
rate of transfer of hydrogen clilorj.de from the jet gases to the aqueous 
slag phase involves a relationship of the form:



K t is a transport parameter incorporating both a mass transfer coefficient 
and the surface area available for the transfer process.Z Ĉ .+J7e^ j is the 
aqueous phase hydrogen ion concentration in equilibrium with the jet gas.

Using this approach one might expect that the observed refining be
haviour would be that illustrated on Figure 87. As hydrogen chloride was

•
transferred from the jet gases -g would increase and hence
would tend to decrease as indicated by equation 5*8. The increasing
hydroxonium ion concentration in the bulk slag would however encourage
the removal of sodium from the amalgam droplets in the foam and hence
m ^  pwould tend to increase as the blow proceeded. Eventually a limiting

• • 
refining rate would be attained when m ^  ^ reached equality with m^- ,
after which the acid concentration in the aqueous phase would remain con
stant.

• ♦

d ̂ "CH+-7Aq,B = “HCl “ “iTâ F 0 5.9
dt Vs

Equations 5*5 and 5*8 niay therefore be combined to obtain an expression for 
the acid concentration in the bulk aqueous phase at the limiting refining 
rate.

r 1 i   /

^ CH+-7&q,B,lim = J 1 +  ^ S.F ̂  Ad 1 k | ̂ _CH+-7eq,J 5.10
L Kj J

A more general expression for the variation in the acid concentration during 
the course of a blow may be obtained by substituting for in equation
5»7> using equation 5*8, and then solving the resulting differential equatioi

where, 1



By substituting equations 5»10 â d. 5«H into equation 5*5 expressions can 
be obtained for respectively the limiting refining rate and the variation 
in refining rate throughout an experiment.

“iTa.P.lim = f; '>ZV -7eq,j 5a5
KJ ^S,F ^  ^d ̂ kJ

*Ha,F “ ^S,F ̂ h r  k ̂V-7.9fJ X j 1 ~ SX* (” )i 5-14
Unfortunately this approach, which considers perhaps the most obvious 

explanation for the rate plateau and the general refining characteristics of 
the model system is not substantiated by the experimental results. In 
practice although a rate plateau was achieved, the acid concentration in 
the slag phase appeared to increase continuously throughout the blow.
This would imply that ^ and did not reach equality. The reason
for this behaviour is not fully understood and a full quantitative explan
ation is not possible. It is however useful to discuss some of the factors 
which will complicate the simple mathematical interpretation described 
above.

"When equation 5*8 was considered earlier it was implied that

would tend to decrease as / V ^ A q ,  g increased. An estimate of the way
in which actually varies throughout a blow can be obtained for those
experiments where both the rate of sodium removal, and the change
in acid concentration in the model slag were monitored, since at any instant 
during the course of the blow,

. _ . , v d ̂ I I ^ A q j B
%J1 ~ \a,P ‘r S------    5 5

dt .
The rate of change of acid concentration in the model slag,

 ̂^ , may be obtained from a tangent to the slag composition curve.



Figure 88 shows the variation in during the course of an experiment
obtained using the above method from the data presented in Figures 48 and 50. 
It will be noted that initially increases, reaches a maximum value at
approximately the same time as the maximum foam volume is achieved and 
then proceeds to fall steadily throughout the remainder of the blow. The 
initial increase in nun_ is probably associated with the expansion of the 
foam in the early stages of the blow, manifesting itself in equation 5*8 
as a progressive increase in K^. As hydrogen chloride was transferred to 
the aqueous phase Z~Cjj+_7 ^  -g would increase and hence would tend to have 
an adverse effect on In addition it is possible that Z~Cjj+-7 t

would tend to decrease during the course of an experiment, which would 
further .reduce >

The transfer of hydrogen chloride from the gas jet to the model slag 
majr be represented by the chemical equation,

HC1J =  (H+h q  + ^ “h q
The equilibrium constant for this reaction is:

Keq = Z~GH+_7ecijj . / ~ c cl~-7eqjJ 5.16

PHC1,J
Hence after rearranging,

ZVA.j - W  K*q 5.17
Z ”C01_-Zeq.J

Tlie cliloride ions in solution may be considered to arise from two 
sources, those associated with HC1 molecules and those associated with the 
sodium chloride produced by the refining reaction. Hence,

^ _CCl--'7eq,J = ^ CH+-7eq,J + ^NaCl-Ttq.B 5'18

The concentration of sodium chloride in the model slag increased con
tinuously during the course of an experiment and hence one would
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expect that /"Cjj+_7ea j would terxd to decrease. This trend would clearly

have an adverse effect on as predicted by equation 5*8* la addition

the temperature of the model slag always increased continuously through
out a blow and hence K would tend to decrease which would also adverselyeq u
influence /”c„+_7 T H eq, J

By substituting for j in equation 5.17s using equation

5.18, and rearranging the resulting expression, a quadratic equation is 
obtained.

Z~°H+ 7 eq,J + ^ CNaCl-^Aq,B/~CH h--7eq,j ~ PEC1,J Keq °

Taking the positive solution,

/"Orff 7 T = - ̂ "°EaCl-7iq ,B + 27/~c 7 2 + A KH eq, J -------- 5--- / NaCl—' Aq,B j e9

5.20

However, the concentration of scdium chloride in the slag phase is equal 
to the concentration of scdium chloride initially present in the 
water-glycerol solution, which in all except one experiment was zero, plus 
the amount of sodium chloride created as a result of reaction with the 
amalgam. Assuming the slag-metal-gas emulsion to be the primary vehicle 
for sodium removal from the amalgam, then,

A*aCl-Aq,B / V ^ A q , B dt
J  Vs is
0 0

5.21
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By substituting for Z ”CjjaQi-7kq -g ln equation 5*20 and then eliminating

j from equation 5*8 ar* expression may be obtained for

This in turn may be substituted into equation 5*7 to obtain the 
differential equation:

d / - < V 7  • -nV„ H Aq, B __
b dt “ 2

i k Z c n+_7H Aq,B

K - /CII+_7. dt/+ 4Pvrm T K‘-H-'Aq,B ( HC1.J eq

“ A ^ A q . B  [ KJ + V ^ T k ] 5.22

This is clearly very complex and does not easily yield a solution.
A solution using numerical aialysis is possible but a number of the 
parameters involved still requires determination and in any case the 
result would have little relevance to basic oxygen steelmaking.

It has been shown in the above discussion that the accumulation 
of sodium chloride in the reaction vessel has a significant effect 
on the rate of transfer of HC1 to the model slag and hence upon the 
refining rates achieved in the model converter. The composition 
of the slag phase, both in terms' of the ECi and ITaCl contents, 
may also have a considerable influence on the rate of reaction of 
droplets within the foam - a factor which would further compli
cate the mathematical interpretation of the system. This is



probably best illustrated by comparison with certain aspects of the 
single droplet studies, described in the previous chapter.

In the model converter, droplets of various' sizes come into con
tact with an aqueous solution of progressively increasing acid concen
tration. A similar situation has been described in Chapter Four where 
the reaction of droplets of the same size with solutions containing 
various amounts of HC1 was investigated (see Figure 26). It was noted 
that, although in theory there should have been direct proportionality 
between the reaction rate and the acid concentration, in practice sig
nificant deviation from linearity was observed in solutions which were 
more than.1.5 K. This was attributed to;

(i) Increasing surface coverage of the droplets by bubbles.

(ii) The deviation from ideal behaviour of hydrogen ions in solution

(iii) Possible precipitation of NaCl crystals on the droplet surface.

These same factors are also likely to be important when considering the 
refining rate of droplets within the foam created in the model converter.

Both the life time of a droplet in the foam ( and the fraction
of its surface in contact with the model slag ( </0 -n) are likely to be0,1
influenced by the volume of gas in the foam. As the foam expands in the
first few minutes of the blow, then V will probably decrease whileb}l'
T  will increase. This trend might be reversed once the maximum foam volum
has been achieved. The single droplet studies showed that Y 0 was relatedb
to the acid concentration in the aqueous phase. It is possible that this
might also apply in the model converter foam and hence )l„ „ would tend tob , 1
decrease steadily throughout the blov;. The effect of Vi on the overallb « J?



refining rate in the model converter wi3.1 he discussed in more detail later.

The single droplet studies also showed that addition of sodium chloride 
to the aqueous phase could adversely affect the refining rate. It was 
suggested that this might he associated with a decrease in the reaction 
rate constant or possibly a decrease in Vg, arising from either the pre
cipitation of salt crystals on the droplet surface or a change in the size 
of the hydrogen bubbles produced. In the model converter, the sodium 
chloride concentration in the aqueous phase increased continuously through
out a blow. A progressive decrease in either k or Ya ̂ would tend to ad-b,r
versely affect the refining rate of the droplets in the slag-metal-gas 
foam in the model converter, which would tend to offset the effects of the 
increasing hydrogen ion concentration. The refining rate plateau may there
fore be associated with the attainment of a dynamic balance between the 
increasing acid and UaCl concentrations. Similarly with the single droplet 
results, the superimposition of the effects of a progressively increasing 
salt concentration on Figure 26 (a) would result in :an increasing tendency 
towards the creation of a rate plateau. It is difficult to estimate the 
solubility of sodium chloride in the model slag due to the variation in 
both temperature and acid concentration, but it is possible that in the 
later stages of the blow the solubility limit may have been exceeded. The 
presence of these insoluble crystallites in the bulk solution would further 
inhibit the removal of sodium from the droplets in the foam.

The early stages of the experiment depicted in Figure 62, where the 
aqueous phase initially contained 2.0 moles of NaCl / litre, suggest that 
the salt present does indeed tend to depress the refining rate in the model 
converter. Once the stage II refining period was attained however, the 
reverse would appear to be true. As outlined in section 5*5*4? the presence 
of a significant excess of insoluble salt crystals undoubtedly increased 
the apparent viscosity of the model slag resulting in a marked increase in 
the residence time of droplets in the foam ( <T e) and hence in the total



surface area of amalgam droplets available for reaction„ This has also 
resulted in a slight increase in the efficiency of utilisation of the HC1 
transferred from the jet gases, in removing sodium from the amalgam. This 
may be assessed by means of a factor F^, which is defined as:

F = M
*Na,F
.*HC1 . II, Av

 __________  \ a , F_
d ̂  V'-Aq,B \ a,F + V — — — —dt

5.23

II, Av
d Z-ch+J7a b

In this case m ^  is the mean stage II refining rate and  -jg----

is the estimated mean rate of change of acid concentration in the model 
slag during the stage II period. For the experiment illustrated in Fig
ure 62, where the model slag initially contained 2.0 moles of NaC-l per litre, 
the value of F^ was 0.71» whereas for the equivalent experiment where no
NaCl was initially present in the model slag, the value of F^ was slightly

j  -1
lower at O.65.

In steelmaking, the precipitation of C0S crystals is believed to be
associated with a marked increase in the apparent slag viscosity, which

16 18 j° 21 51can cause the foam to overflow from the converter mouth ' 9 y 9 9 .
In the model however, the precipitation of salt crystals did not apparently 
inhibit the ability of bubbles to escape from the foam. This apparent 
anomoly can possibly be explained in terms of the relative surface properties 
of the precipitate - droplet and precipitate - bubble interfaces.

From the foregoing discussion it is apparent that a complete math
ematical interpretation of the refining processes operative in the model 
converter is not possible. The factors influencing many of the variables 
involved, e.g. 'P , V̂ e  ̂ , are not fully understood and indeed in 
some cases there would appear to be complex inter relationships between 
variables. In particular, the effects of the accumulation of ITaCl in the 
model slag, for which there is so direct analogue in steelmaking, would 
appear to impose severe limitations on the usefulness of any mathematical



model for interpretting decarburisation kinetics in the L.D. process.

5»4«1 (c) The Use of the Model to Simulate the Effects of Steelmaking
Control Variables

Although it has not been possible to quantify the refining kinetics 
in the model converter in terms of a mathematical formulation, there are 
still a number of fundamental characteristics which it has in common with 
the L.D. steelmaking process. In this context the model still provides a 
useful means of qualitatively assessing the effects of various steelmaking 
control variables on the refining rate. Just as with decarburisation in 
the L.D. process (Figures 3 and 4)» the rate of sodium removal in the model 
converter is characterised by an initial rapid increase followed by a second 
period when the refining rate is approximately constant. The mean refining 
rate attained during the stage II period does appear to provide a criteria 
for comparing the effects of various alterations to the experimental conditions. 
In particular the model has been used to investigate the effect on the re
fining rate of variations in lance height, jet momentum and molar blowing 
rate of hydrogen chloride - all of which have analogous variables in steel
making practice. In addition the model has been used to investigate a 
theory that enhanced refining rates may be produced when the pressure with
in the converter is increased.

Variation of the lance height provides perhaps the most widely used 
means of applying in blow control to the course of the steelmaking process.
Both the lance height and the jet momentum have a marked effect on the rate 
at which droplets are ejected from the metal bath ( \P ) and hence on the 
surface area available for reaction in the foam (V A^ T*). Figure 52 
illustrates the results of some simple attempts to estimate the rate of 
droplet formation within the model converter. Various workers have noted 
that the splashing rate produced by a gas jet impinging onto a bath of a 
single liquid reaches a maximum value, associated with the onset of the



penetration mode, as the lance height was reduced below that at which splash- 
JQ 81 83ing commenced f The presence of the slag layer in the present

model system would appear to suppress this effect. The splashing rate 
produced when the lance tip was brought very close to the amalgam surface 
was in any case much greater than that at the onset of the penetration mode.

The total surface area of droplets in the foam could not be estimated 
with any degree of accuracy, due to the inability to measure the mean drop
let size or the life time of droplets in the foam. The droplets falling 
into the collection trap within the vessel ranged in size from less than
0.5 mm diameter upto several millimetres in diameter, with a bias towards 
the smaller sizes. It is not known to what extent the larger droplets 
were fragmenting on the lip of the trap. Attempts were made to estimate 
the size distribution using photographic techniques, but these were unsuc
cessful. Droplets of about 1 mm in diameter, falling close to the vessel
wall, took about 2 seconds to traverse the height of the foam. To what
extent the close proximity of the vessel wall influenced this value is not 
known, but it does give an indication of the droplet residence times to 
be expected.

At jet momentums of 77 mlT and 102 mN with a lance height of 2.5 mm, 
which were the blowing conditions most commonly used, the splashing rates 
were estimated to be about 250 and 500 ml per minute respectively (Figure 52). 
The total surface area of droplets in the foam for these blowing conditions, 
assuming various values for and A^, has been estimated in Table 15.
The reaction area in the foam could clearly be very large compared with the
bulk surface area of the bath.

The results of two series of experiments carried out to study the 
refining rates produced when using jet momentums of 77 102 m!T are
illustrated in Figure 49 (a). The plateau refining rates achieved using a 
jet momentum of 102 mlT were consistently greater than those produced by a.



77 dN jet, reflecting the greater surface area of droplets available for 
reaction with the higher momentum jet.

The value of F^, as defined by equation 5«23> was obtained for three 
of the above experiments. These are indicated in Table 9» It will be noted 
that F^ attained a value of about 0.65 for those experiments using a jet 
momentum of 102 mlT and about 0.50 with a 77 nflf jet. This undoubtedly re
flects the increased rate of droplet formation and hence the increased sur
face area available for reaction in the foam, associated with the higher 
momentum jet. However, considering that the splashing rate has been appro
ximately doubled by increasing the jet momentum from 77 to 102 mN, the 
change in F^ is relatively small. The reason for this will become apparent 
later in this section.

Much larger variations in V  were produced in the series of experi
ments conducted at various lance heights (Table 10). By increasing the 
lance height, and hence reducing V? , the mean stage II refining rate was 
observed to decrease, although not as much as one might have expected.
At a lance height of 44 mm, the rate of ejection of droplets from the bath 
was very low (Figure 52), yet the mean stage II refining rate was still 
'JOffo of the maximum rate observed (Figure 59) • This suggests that reaction 
at the interface between the bulk amalgam bath and the model slag phase could 
contribute significantly to the overall refining rate under these conditions. 
The relatively high refining rate achieved when using a lance height of 44 mm 
(Figure 58) is probably in part due to the increased acid concentration in 
the model slag associated with refining at increased lance heights and 
also the improved contact with the model slag since there is relatively 
little gas held within the foam. It therefore does not represent the re
fining rate at the bulk slag-metal interface when large numbers of drop
lets are being created.

The rate equations derived earlier should strictly be rewritten to



include the surface area of the bulk bath. Equation 5*4 then becomes:

AR = ^S,F.^Ad ^  +  ~ Y S,F,b Ab 5,24
Hence,

^Na *  ̂^S,F^Ad"̂  *h Ŝ,F,bAb) k ̂V'-Tkq,!}’ 5‘25
assuming that the same rate constant applies for both the surface of the 
bulk bath and droplets dispersed in the foam.

The interfacial area between the model slag and the quiescent metal 
2bath was 0.012 m . Surface turbulence produced by the impinging gas jet 

would tend to increase this slightly during the course of the blow. With 
a large lance height or a low jet momentum, the term ( /g ^ I'1 *7° )
would tend to be small and hence reaction at the surface of the metal bath 
would become important. With the fairly hard blowing conditions used for 
most of the experiments ( X, ^ V? ) would be much larger than
( Vg p h -̂ )) an<3- hence the reaction talcing place at the surface of the 
bulk amalgam bath can probably be ignored. The rapid collapse of the foam 
when blowing ceased and hence when droplets were no longer being created,- 
is further evidence to substantiate this suggestion.

As the lance was raised or the jet momentum reduced, the available 
surface area for reaction would tend to decrease and hence the rate of 
sodium removal from the amalgam would be expected to decrease. However, 
the rate of transfer of HC1 to the model slag ( m  ) remains unchanged,JnUi
or may even increa.se since at greater lance heights the conditions for 
slag entrainment into the jet are more favourable. Since equation 5*6 still 
applies, one would therefore expect the acid concentration in the model 
slag to increase more rapidly at greater lance heights and in fact this 
is what is observed (Figure 60). This would tend to produce a faster rate 
of reaction at the surface of the amalgam in contact with the aqueous phase 
and hence would offset, at least to some extent, the effects of the reduced 
total surface area,.



This tendency for the refining rate in the model to be self stabilising 
at seme value determined mainly by the rate of transfer of gaseous reactant 
from the jet to the slag, reflects an inherent characteristic of the L.D. 
steelmaking process. Meyer has discussed this aspect of the process 
In particular he attempted to account for the variations in rate observed 
during the stage II decarburisation period in terms of a dynamic balance 
between the jetting conditions, the quantity of metal droplets in the foam 
and the state of oxidation of the slag.

When using comparatively large lance heights, the rate of sodium
removal from the amalgam bath became rather erratic (Figure 58)• Similar

6 64-behaviour has been observed in steelmaking ? . As outlined in section
5.3*3 this probably arises from inadequate stirring of the bulk bath by the 
impinging gas jet, causing the surface layer to become denuded of sodium.

I
This allows the concentration of acid in the 3lag to rise. When fresh metal 
is eventually swept to the surface, rapid evolution of gas occurs.

It has been shorn that the refining rate in the model converter tends 
to be self stabilising at some value strongly influenced by the rate of 
transfer of HC1 from the jet gases to the model slag. The effect of changes 
in has therefore been investigated since this is likely to have a far
greater influence on the refining rates attained than either the jet mom
entum or lance heights.

By altering the composition of the gas jet, while maintaining all 
other blowing parameters constant, the flux of HC1 molecules to the surface 
of the model slag and hence the rate of transfer, could be varied. The 
two series of experiments carried out are summarised in Table 9. As ex
pected, it was found that by increasing the mass flow rate of hydrogen 
chloride to the reaction vessel the acid concentration in the slag phase 
increased more rapidly, producing an enhanced rate of sodium removal.



In basic oxygen steelmaking, the lance height, the jet momentum and 
the oxygen flow rate provide the main control variables. In the previous 
pages the attempts made to investigate the effects of the analogous variables 
in the model system have been discussed. The model converter has also 
been used to test the effect of certain modifications to conventional steel- 
making practice. In particular it has been suggested that an increase 
in the pressure within the converter might enhance the rate of sodium re
moval from the droplets in the foam.

It has already been noted that a droplet will contact both the aqueous 
phase and gas bubbles during its passage through the foam. Only a fraction,

Y  „ of its surface will therefore be available for the reaction between b,i!
hydrogen ions and sodium. If the foam was homogenous a m  there were no 
preferential paths for the droplet to move through it, then Y a ^ would 
be equal to the volume fraction occupied by the aqueous phase in the foam.

Vo j, - !§■ = / 1 - !g / 5-26

If we consider a single droplet falling through the foam in the model 
converter, then the rate at which sodium is being removed from it will to 
some extent be dependent upon the value of Y b

“ifa = ^S,F Ad k 5,27
By increasing the external pressure on the foam, the gas within it would 
be compressed and V  would increase. The rate of sodium removal fromb,l?
the drop would therefore be enhanced. An increase in the pressure within 
the vessel would tend to make bubble nucleation more difficult but this is 
unlikely to influence the rate of mass transfer in either the model system 
or in steelmaking foams.

A . series of experiments-were carried out in order to test the validity 
of the above theory. The results obtained are summarised in Table 12 and



Figures 69 and ?0« Increasing the vessel pressure from 1.0 atmosphere 
to 1.75 atmospheres caused the maximum foam volume attained to decrease 
from 625 nil to 375 ml* This is slightly greater than one would have ex
pected from simply compressing the gas present at one atmosphere. This 
may be attributed to the change in overall height of the foam, enabling 
bubbles to escape more easily, possible changes in the degree of induced 
stirring by the jet or simply inaccuracies in the method of measuring the
foam volume. The corresponding change in Vl ^ , using eauation 5*26,b , J?
is from 0.40 at 1.0 atmospheres to O.67 at 1.75 atmospheres, which const
itutes an increase of almost l&fo.

The rate of sodium removal fe>m the amalgam was shown to increase
with increasing vessel pressure. As explained in section 5»5*5 this was
partly due to a change in the mass flow rate of HC1 gas into the reaction
vessel. The contribution due to the increase in V c ^ was estimated tob,Jb
be about 1 j/o of the mean stage II refining rate at 1.75 atmospheres. This 
would appear to be a rather small increase when compared with the estimated 
change in Y „ ... However, just as with the experiments conducted at various 
lance heights, this can probably be explained in terms of the tendency 
for the refining rate to be self stabilising at some value strongly influenced 
by the rate of transfer of HC1 to the model slag. Provided m TTnn remains 
constant, any attempt to increase the rate of sodium removal from the amal
gam must result in the acid concentration in the model slag increasing 
less rapidly. The two effects will therefore tend to oppose each other 
resulting in a relatively minor change in the refining rate.

It is possible that an increase in the pressure within the model 
converter may also have an adverse effect on other variables influencing 
the refining rate. For example, a reduction in the height of the foam 
might tend to decrease the residence time of droplets within it. Decreasing 
the value of / and hence the surface area available for reaction would 
therefore tend to counteract any increase produced in . •



In addition to the effect on v/c ^ there is a secondary benefit tob , A1
be derived from pressurising the reaction vessel. In L.D. steelmaking the 
oxygen blowing rate, and hence the maximum decarburisation rate is restricted 
to that which avoids unreasonable amounts of material being ejected from 
the converter. By pressurising the vessel, the foam height would be dim
inished, allowing a higher oxygen blowing rate to be employed before slopping 
became excessive. In addition, a greater mass flow rate of oxygen could 
be achieved without increasing the jet momentum. When assessing this aspect 
of the model experiments it is more useful to consider the refining rate 
in terms of the rate of sodium removal per unit volume of foam. The results 
obtained have been treated in this w a y and are presented in Figure 89, 
clearly showing the beneficial effect of pressurising the reaction vessel.

The experiments conducted at constant mass flow rate of gases served 
to illustrate the opposing effects of vessel pressure and jet momentum.
While increasing the vessel pressure tended to increase Y l  the reduced 
jet momentum necessary to maintain a constant mass flow rate caused V? to 
decrease. The two effects virtually neutralised each other and hence there 
was no net change in the refining rate.

It has been assumed in the previous discussion that equation 5*26 
gave a reasonable estimate of Y c . Hazledean has noted that iron drop-D,I!

128 12°lets falling through a slag foam will adhere to the bubble cell walls ' * ^
Similar behaviour has been observed with the model system. Amalgam droplets 
allowed to fall down a column of foam, produced by allowing a pool of 
amalgam to react with acidified water-glycerol sulution at the bottom of 
the column, were also observed to follow the contours of the bubble cell 
walls. Single droplet studies have also showed that the coverage of the 
amalgam surface by hydrogen bubbles is related to the rate of sodium removal 
and hence the hydrogen ion concentration in the aqueous phase. Similarly 
in the foam produced in the model converter, the size and distribution of



bubbles close to a droplet may be different from that some distance away, 
especially if bubbles are tending to coalesce in the bulk foam. Clearly 
it is possible that the foam may be heterogeneous and there may be prefer
ential droplet paths through it. The accuracy of equation 5*26 as a measure

It has been suggested that the reaction between sodium and an acid 
at the surface of an amalgam droplet can occur in two stages,

The application of this idea to the reaction between molten iron- 
carbon droplets and molten slag suggests that at cathodic sites the reaction 
would be of the form:

The electrons for this reaction would be provided by the discharge of 
oxygen ions at anodic sites,

While the carbon content of the droplet remained relatively high this 
would lead to the nucleation and growth of carbon monoxide bubbles at the 
droplet surface (Section 2.3*4 (a)). As in the model, the presence of gas 
bubbles at the interface would effectively reduce the area available for 
the transport and reaction of the species involved.

The rate of decarburisation of the droplets dispersed in the foam 
created in an oxygen steel.making vessel is given by:

K? -ci is therefore in doubt

5.4*2 Application to Basic Oxygen Steelmaking

(i) (H^0+) e — + H^O, at cathodic sites

(ii) Z""̂ a_7 (^ah) + e » at anodic sites

(C2~) + Z”C_7 GO + 2 e



As in the model system, the available surface area for reaction is given by,

V h ^  5-29

At high carbon concentrations it is believed that the rate of decar
burisation is controlled by oxygen transport in the slag phase. Under
steelmaking conditions the equilibrium constant for the decarburisation reaction 

26is large and hence the interfacial concentration of carbon can be assumed 
to be zero. In this case,

A<T,a - C  <* FeO-^S ̂ W s . B  5-50
Hence,

mC,F = ^S,F ̂  ^d j ^ ^ F e O - ^ S  ̂ F e O ^ S . B  5*51
assuming for convenience that only ferrous ions are present in the.slag.

i
!

For a simple iron-carbon melt, the gaseous oxygen introduced into
the converter will be consumed in forming CO bubbles, iron oxides and by
dissolving in the molten iron alloy.

2 nu - m„^ + m.r, -u A r- -7Og CO FeO £

While the carbon content of the bath is high it is reasonable to
30assume that the amount of oxygen going into solution is small and there

fore we can write:

ni ^ = V ^^""^FeO-^S 2 m - m 5.32FeO VS ------£g.V.-.£  * o codt 2
Virtually all of the oxygen blown into the converter is consumed by the
reactions taking place and hence it is reasonable to assume that m

2

is a constant The rate of carbon monoxide evolution is equal to
the rate of decarburisation and hence m may be replaced by expression 5-51*ou



Assuming, L~cFeo-7g 0 at t = o

ana /0]teo-7s = ^°Feo^8,3 at * = *•

expression 5*33 Eaay be rearranged and integrated between these limits to 
give,

r— mjr 2 El
^ CFeO-/S,B “ --------- ;----2------- —  X

v  h
1 - exp ( - Vs,F ̂  ̂ d 1 FeO-7 J  5*34

By substituting this expression into equation 5*31 we obtain,

mC,F “ 2 m02 ^  “ eXp - Vs,F ̂ ^ d ^ ^ F e O"̂ S t )J 5*3

The rate of decarburisation of droplets dispersed in the foam is
therefore determined by essentially two variables. m is the ra.te of

2
introduction of oxygen into the converter while the bracketed term in
equation 5*35 describes the structure and reactivity of the slag-metal-gas
emulsion formed. Vg is the volume of slag in the foam, ( P A ^ ^ )  is the
surface area available for reaction, Y a „ is related to the volume ratiob 9 JJ
of gas and slag in the foam, Z a0-7s is the mass transfer coefficient of
the oxidising species in the slag phase and t is the time the foam has
been in existence. In view of the relationship between the variables in
this group it is reasonable to replace it by a single term Sc,.b"D

mC,F = SSt * 26 0 o 5.36

where, Sgt = j  1 - exp ^S,F ^  1 ^ ^ F e O - Z  ^  j  J  5.37
The nature of the variables in the foam structure group, Sn+, are such thatot
it will have possible values ranging from 0 to 1. Unfortunately little 
is known concerning the magnitude of the variables in the foam structure



group for steelmaking conditions. An estimate of the value of Sg^ can be
21obtained using the data presented by Meyer . In a 230 t capacity B.O.S.

vessel, the total surface area of droplets in the foam was estimated to be 
2about 50,000 m and the total weight of slag present was about 32 tonnes.

The value of C*f'Fe0J+ is approximately 1.2 mm/s and assuming ^
was approximately 0.2 then,

sst ~  j" 1 - exp (-t) j 5.38

where t is the time in seconds from the commencement of the blow. As the 
blow proceeds the value of Sg^ will rapidly approach unity. The .slag-metai
gas emulsion does however take a finite time to develop to the conditions 
described by Meyer and hence in the initial stages of the blow the surface 
area available for reaction in the foam will be small. Sg^ will therefore 
increase slowly in the first few minutes of the blow, but will eventually 
attain a value of one. The decarburisation rate would therefore achieve
a constant value determined by the oxygen blowing rate, at a constant iron

21 36oxide content in the slag. In practice this is what tends to happen ’̂  

although the situation is complicated by the consumption of oxygen by other 
refining reactions and also by the problems of slag formation.

Similarly with the model system, the mean stage II sodium removal
rate has been shown to be influenced by although other variables must
be taken into consideration. It is interesting to note that had m T-m alsoriL»l
been a constant then expression 5*7 could have been integrated and the re- 
suiting equation used to obtain the overall rate of sodium removal from the 
droplets in the foam,

V r  = *HB111 - e*P ( - Ji 5.39

This is very similar in structure to equation 5*35 obtained for steelmaking
conditions. The bracketed term in the above expression would therefore
have given a physical significance the term.F,, ' ,• M, introduced earlier ana



hence would have provided a similarity criteria for comparison with steel

making conditions. Unfortunately Prove^ vary quite significantly
during the course of an experiment and this approach cannot he used.

In the model system, equality between an^ p was never
achieved. The ratio of sodium removal rate to the rate of HC1 transfer to
the model slag during the stage II refining period, as defined by F^, varied
between about 0.5 and 0.7. It was shown that the operating conditions
could be controlled to influence the values of ^  and Y c Changesb, iJ
in these could in turn alter the rate of sodium removal from the amalgam
and hence the value of F,,. However, it was also shown that there was oftenM ’
a complex interaction between variables and that the refining rate tended 
to be self stabilising at some value determined mainly by the rate of transfer 
of EC1 to the aqueous phase. Large changes in Y  , ^and Yg ^ were there
fore required in order to produce even a moderate change in the refining 
behaviour.

If the value of the foam structure factor, Sĝ , calculated from 
Meyers data is typical of all basic oxygen steelmaking conditions then 
changes in the value of Y , ‘Y  and Y  are likely to produce even smallerO } i?
changes in the refining characteristics than in the model system. Hence 
with steelmaking conditions of the type described by Meyer and Trentini, 
where the majority of decarburisation is taking place within the slag-metai
gas emulsion, the rate of supply of oxygen to the slag phase is the predom
inant factor controlling refining rates.

The effects of lance height variations on the refining characteristics
of the L.D. process are well known. A hard blowing practice is believed to
favour decarburisation while a soft blowing practice encourages slag form-

15ation and hence phosphorus removal „ Similarly with the model system, 
increasing the lance height produced a decrease in the rate of sodium removal 
from the amalgam. This was accompanied by an increase in the acidity of the



model slag which is analogous to the increase in the iron oxide content 
of the slag produced by a soft blowing practice in the L.D. process. The 
blowing conditions and the range of lance heights employed in oxygen steel
making operations are such that large numbers of droplets are ejected from

81the metal bath at all times throughout the blow '. The reduced decarbur
isation rate associated with soft blowing may be due more to the utilisation 
of the available oxygen for more favourable reactions under the conditions 
produced, rather than the reduced surface area for reaction in the foam.

It was shown, using the model converter system, that refining rates
could be enhanced as a result of the increase in ^ produced by increas-0,1
ing the pressure within the reaction vessel. An increase in the mean stage II 
refining rate of about Ijfo was produced by increasing the vessel pressure 
from 1.0 to 1.75 atmospheres. In view of the value of the foam structure 
factor calculated from Meyers results, the analogous effect on the decarb
urisation rp.te in steelmaking is likely to be somewhat smaller. As outlined 
earlier, a secondary advantage might be derived from the improved control 
over slopping at high oxygen blowing rates. To some extent this could be 
achieved by improved slag composition control without the need to modify 
the ancillary equipment which vessel pressurisation would require.

Localised variations in the value of Yl „ within the steelmakingb, Jb
foam might provide an explanation for the changes in decarburisation rate 
observed during the stage II refining period. A sudden increase in the 
number of droplets in the foam as a result of the unstable action of the 
jet, a deliberate reduction in the lance height or a change in the viscosity 
of the slag phase, would tend to produce an increase in the rate of carbon 
monoxide evolution. This would immediately cause the volume fraction of 
gas held up in the foam to increase and hence would tend to decrease.
The iron oxide, content of the slag would also tend to fall.These would effect
ively reduce the rate of supply of oxygen ions to the droplet surface and



the reaction rate would therefore decrea.se. The net effect would be to 
cause the decarburisation rate to oscillate about some mean value determined 
by the rate of supply of oxygen to the slag phase. The fluctuations in 
sodium removal rate in the model converter during the stage II refining period 
may also be explained in terms of an analogous mechanism. This again ill
ustrates the inherent self stabilising character of the refining rate in 
reaction generated foams.

This approach to oxygen steelmaking is obviously somewhat simplified. 
Neither the contribution to decarburisation of reaction in the jet impinge
ment zone or as a result of a carbon boil in the bath have been considered. 
Many operators claim to use a ’dry slag1 practice where foam formation is 
minimised without any deleterious effect on the decarburisation rate. In 
this case decarburisation may be occurring via droplets ejected into the 
oxidising gaseous atmosphere above the bath. Some reactive slag formation 
must occur in order that the level of sulphur and phosporus in the metal 
can be controlled.

In the model experiments the slag volume was maintained constant.
In steelmaking the products of oxidation of iron, silicon, manganese and 
phosphorus all contribute to the volume of the slag, which increases through
out a blow. The addition of lime to produce a basic slag, with the con
comitant problems of lime dissolution, introduces a further variable. For 
a simple iron-carbon melt with a CaO-FeO slag,

created. Acheson and Hills have suggested possible solutions for both these

is the rate of dissolution of lime from the solid particles and
is the meandensity of the slag.

Both 1 and Yg are probably related to the volume of the foam



tS,F 1 - £  A  A n  C-7F 5-41
F Ubub V

CjO 2U Sin G? 0 r
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5.42

Further expansion of equation 5*35 is clearly possible, but the resulting 
expressions are complex and probably of only limited use.



5-4.3 Refining at Low Solute Concentrations in the Bath

The experiments conducted at low sodium contents in the amalgam were 
little more than exploratory in nature. They do however suggest that as 
observed in the single droplet studies, there is a change in the rate con
trolling mechanism below some critical amalgam composition. This is pro
bably associated with the change from hydrogen ion discharge control to 
sodium transport control in the amalgam. Clearly it is possible to draw 
analogies between this behaviour and the change in decarburisation rate in 
steelmaking associated with the change from oxygen transport control to 
carbon transport control.

The rate of sodium removal from droplets in the foam would again be 
given by:

If the rate of sodium removal from droplets in the foam is determined by 
the rate of sodium transport to the reaction interface, then,

This approach can also be applied to steelmaking conditions. The 
decarburisation rate of iron droplets at high carbon concentrations, is 
believed to be controlled by oxygen transport in the slag phase. The inter
facial carbon concentration in a droplet is sufficiently high to permit the

in the drop decreases, the interfacial concentration also decreases until 
it reaches zero. At this stage carbon transport becomes rate control3.ing 
and the oxygen content within the metal droplet rises, eventually causing GO

5.2

4.25

Hence, substituting for Ap from equation 5*4*

5-43

117-121formation of CO at the surface . As the bulk carbon concentration



■bubbles to be nucleated within the droplet. Richardson has suggested that
1]1there may be an intermediate stage where kinetic control may be operative ' .

The internal nucleation of CO bubbles leads to severe disruption of the
droplet and prediction of the decarburisation rate under these conditions 

119becomes difficult . It is possible however, to predict the bulk carbon 
concentration at which the interfacial composition becomes zero. For carbon 
transport control,

mC,d = ^ ^ O - ^ d  ̂ °(H^d,B 4,29

Hence,

X ,  ■ ■ •> h  o^a C x 7 d,3 5.M

Once internal nucleation of GO begins the effective surface area of the 
droplet will increase significantly and secondary emulsification may occur 
by !the fragmentation of the drop. At the instant when the interfacial car
bon concentration falls to zero the rate of carbon transport in the droplet 
will equal the rate of oxygen transport in the slag phase. Eliminating 
m ^ j, from equations 5*36 and 5*44

^”C0-^d,Crit = — ---— -- -2--------  SSt 5.45
s,f 1 £- c~7a

If refining is still predominantly occurring in the foam, then as before 
the foam structure group, Sĝ , will be approximately unity. Hence equation 
5.45 may be simplified,

2 m '
L  co-7ijCri1; = ------— — 2—  ------  5*46

^s,f ̂  Aa 1 £■ °^<Ja

This is clearly a somewhat simplified approach to the problem since 
neither equation 5-43 for the model system or equation 5*44 for steelmaking 
conditions take into consideration the variation in solute concentration 
between droplets during their passage through the foam. The composition 
of droplets in the foam will also have fallen well below the critical value



some time before it is achieved in the bulk bath.

In steelmaking the transition to carbon transport control is associated 
with the collapse of the foam, since the rate of gas evolution is inadequate 
to sustain it. An advance model of the process would therefore have to 
take into consideration both decarburisation occurring in the jet impinge
ment zone and as a result of the carbon boil in the bulk bath.

The nature of the variables in the denominator of equation 5»4& suggest 
that the metal composition at whiqh the mechanism change occurs may be 
influenced by the structure of the foam. Similarities may possibly be 
drawn between this-term and the geometric factor proposed by Szekeley to 
explain the variability of the bath composition at which the mechanism change 
takes place 4\  The ability to predict the critical composition for the
mechanism change would certainly be a useful control parameter. Clearly

i
more work is required in this area of investigation.



A room temperature model has been developed which simulates certain 
aspects of the slag-metal-gas reactions that occur in reaction generated 
foams of the type encountered in L.D. steelmaking. In the model the molten 
iron was represented by a pool of sodium amalgam, the slag by a mixture of 
water and glycerol and the oxygen by a hydrogen chloride-nitrogen jet. 
Droplets of amalgam ejected from the bath by the impinging gas jet, reacted 
with the hydrogen chloride dissolved in the model slag to produce hydrogen 
bubbles, thus forming a dynamic foam.

The behaviour of single droplets of amalgam in acid media has also 
been studied in order to gain more information about the fundamental re
fining processes occurring in the model converter. With high sodium con
centrations in the amalgam droplets, the refining rate was shown to be 
dependent upon the acid concentration in the aaueous phase, the process

i
probably being controlled by the rate of discharge of hydrogen ions. The 
presence of hydrogen bubbles adhering to the droplet surface had an adverse 
effect on the refining rate achieved. Sodium chloride additions to the 
aqueous phase also tended to reduce the refining rate but the mechanism in
volved is not fully understood. With low sodium concentrations in the amal
gam droplets, the refining rate became dependent upon the sodium concent
ration, implying that transport of this species to the reaction interface 
was controlling the rate of the overall process.

It has not been possible to develop a mathematical model for the re
fining processes occurring within the model converter. For steelmaking 
conditions it has been shown that the rate of decarburisation during the 
stage I and II periods is influenced by two factors, the structure of the 
foam and the rate of transfer of oxygen from, the gas jet to the slag phase. 
When the surface area available for slag-metal reaction in the foam is very 
large, the decarburisation rate becomes self stabilising at some value 
strongly influenced by the rate of transfer of the reactant species from 
the jet gases to the slag phase.



The model converter has been used to qualitatively investigate the 
effect of lance height, jet momentum and mass flow rate of gaseous reactant 
into the reaction vessel on the mean stage II refining rate. The results 
obtained compare favourably with analogous variables in steelmaking practice. 
In addition the effect on the refining rate of pressurising the reaction 
vessel has also been investigated. An improvement in the refining rate 
was achieved, partly due to improved slag-metal drop contact and partly to 
increased hydrogen chloride flow rate. It is not believed that such a 
significant improvement would be achieved for steel making conditions although 
there might be some advantage derived from improved control over slopping 
at high oxygen flow rates.

When the sodium concentration in the amalgam fell below some critical 
level the refining rate in the mode], converter decreased producing a third 
refining stage comparable with refining under carbon transport control 
in the L.D. converter.
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Table 1
Properties of liquid phases ^45» 147

Density
(lO+5kg/m5)

Surface Tension
(lO"̂ T/ra)

Viscosity 
(10 5kg/ms)

At l600°C:
Iron 7.2 1200 . 5.0
Basic slag 5.0 500 50.0

At 20°C
Mercury 13-55 465.0 1.55
Water 1,00 73.4 1,00
Glycerol 1,26 65.3 1,490

Table 2
Properties of gases used ^45 > ^46

Density at 0°C 
(kg/m5)

Solubility in water
/ 3 3(m of gas per m of water at
20°C & 1 atmcs. pressure)

Hydrogen O.O9O 0.0182
Hydrogen chloride 1.659 450
Nitrogen 1.251 0.0164
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The Hg~Na binary equil ibrium diagram [173] .
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F i g u r e  8

The physical properties of water*-glycerol so lu t ions  .

♦

( a ) V iscosity  [ l45] .

1000
at 20°C
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Wt. % glycerol

(b )  Density at 20°C [145,180]
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(c )  Surface tension[l45] .
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( d ) interfacial  energy with mercury [ l 09]..
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The reaction between sodium amalgam and water  

when jetting with nitrogen-

Jet momentum increased at
25
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Duration of blow (m in u te s )

2 5 mi of water  
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(a ) Apparatus for studying the reaction between a  

pool of a m a lg a m  and an acid.

Acid
reservoir

2 5 ml of 
amalgam

Gas burette 

in water

( b )  Apparatus for initial  jetting e x p e r im e n ts .

Acid
Nitr  dger, reservoir

pH electrode

50ml of w a ter -g lyce ro l  soln

50ml of a m a l g a m .
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F ig .  11 The reaction between a pool of sodium  amalgam

and acetic acid solut ions.
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F i g . 12 The reaction between a pool of sodium amalgam

and  var ious a c i d s .
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F igure  13

Jetting onto a pool of amalgam & water while 

introducing 70N  ethanoic acid .

/

Rate of introduction of acid
\

increased at A .

Duration of blow (minutes)
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Figure 14 Apparatus for investigating the behaviour of single 

amalgam droplets.



PLATE 1

A general view of the apparatus used to investigate 
the behaviour of single amalgam droplets during free fall 
through acidified aqueous solutions.
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F igure  15

Droplet collection a s s e m b ly  .

Acid

solution

Glass funne

HydrogenRubber bung

•Aqueous phase
Wire support

Glass cup Glass bead

Mercu r y
Inner column

CCl



PLATE 2

A single amalgam droplet entering the drople 
collection assembly.





PLATE 4

A droplet of amalgam, of approximately 2 nun diameter 
and containing initially about 0.5 wt. $ !Ta, during free 
fall through 1.1 IT EC1 water-glycercl solution. Note the 
irregularities in the stream of bubbles left by the react
ing droplet.





PLATE 5

A general view of the mass transfer column showing 
a droplet of amalgam, of approximately 2 mm diameter and 
containing about 0.5 wt. # Ea, during free fall through 
1.1E HCi, water-glycerol solution.





PLATE 5
!

• An amalgam droplet, initially containing 0.55 wt. ^ Na, 
during free fall through 0.5 N HC1, water-glycerol solution.

15 x actual size





PLATE 6
I

An amalgam droplet, initially containing 0.55 wt.fo Na 
during free fall through 1.11 EC1, water-glycerol solution

15 x actual size





PLATE 7

! An amalgam droplet, initially containing 
0.55 wt. io Na, during free fall through 1.5 IT HC1, water- 
glycerol solution.

15 x actual size





PLATE 8

An amalgam droplet, initially containing 
0.55 wt* io Na, during free fall through 2.1 IT HC1 -water- 
glycerol solution.

15 x actual size







An amalgam droplet, initially containing 
0.55 ™t. io Na, during free fall through 1.0 IT HC1, water- 
glycerol solution containing 1.0 mole of ITaCl per litre.

15 x actual size



PLATE 10

! An amalgam droplet, initially containing about 
0.55 wt. io Na, during free fall through 1.5 N HC1, water- 
glycerol solution containing 2.0 moles of ITaCl per litre.

15 x actua,! size





PLATS 11
I
• An amalgam droplet, initially containing 

0.34 wt. f> Na, daring free fall through 1.1 N EC1, water- 
glycerol solution.

15 2: actual size.





PLATS 12
I
' An amalgam droplet, initially containing 

0.06 -wt. fo Na, during free fall through 1*1NHC1, water- 
glycerol solution.

15 x actual size





PLA.U5D 1?

I An amalgam droplet, initially containing 
0,18 wt. °ja IT a, during free fall through 2.0 IT E01 water

i 1
. glycerol solution.

15 x actual size
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F ig u re  16

The term ina l  velocity of a m a lg a m  droplets  in 

6 0 v% g l y c e r o l - w a t e r  so lut ion,  from the Hu 

K in tn e r  r e l a t i o n s h i p .

0-8.

0-2

2-4

Droplet d ia m e te r  ( m m )





Table 3 - The effect of acid concentration on the velocity of 2.4 nun diameter 
droplets in 60v$ glycerol-water solution.

Mean velocity (m/s)
HC1 conc. Top half of 

Column
Lower half 
of column

Overall Incubation 
period (s)

Initial Na 
content

No. of 
droplets

0.52 N 0.487 0.490 0,489 0.088 0.55wt$ 45
1.07 N 0.460 O.468 O.464 0.075 0.56wt$ 40
1.47 N 0.454 0.458 0.456 0.057 0.55wta/o 45
2.09 N 0.447 0.457 0.452 0.038 0.58wtio 40

2.75 N 0.452 0.457 0.454 - 0.6lwt$ 15

Table 4 - The effect of sodium concentration on the velocity of 2.4 nun diameter 
droplets in 60 v i  glycerol-water solution.

Mean velocity (m/s)
EC1 conc. NaCl conc, 

(moles/l)

4| Initial Na 
| conc

Top half of 
column

Lower half 
of column

Overall No. of 
droplets

2.09 N 0 O.58 wt io 0.447 0.457 0.452 40
2.09 N 0 0.16 Wt ̂ 0 0.316 0,310 0.315 22
2.09 N 0.5 0.16 wt io 0.312 0.307 0.309 13

2.75 N 0 0.61 wt i 0.452 0.457 0.454
2.75 N 0

..

0.16 vt i 0.301 0.309 0.305 14
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F igure 17 The effect of ac id  c o n c e n t r a t io n  on the

terminal  velocity of am algam  drop le ts .
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F igure  19 The ef fec t  of sodium chloride c o n c e n t r a t io n

on the te rm ina l  velocity of am a lg am  drop le ts .

© 2 09 N HCl

0-42

0-38 2*00*5

Sodium chloride co n c e n tra t io n  (m o les  / l i t re )

F igure  20 The e f fe c t  of  sodium c h lo r id e  c o n c e n t ra t io n  

on the incubation per iod  .
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PLATE 14

Small amalgam droplets with attached hubbies, rising up 
the column of acidified aqueous solution.

12 x actual size
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F igure 21

The reaction of s ingle  droplets of a m a lg a m  w i th  

0*50 N H C l , w a t e r - g l y c e r o l  s o lu t io n .

0-16

0-12

0 0 8

0-04

0*2 0*4 0*80*6

Time (s)

In i t i a l  com posi t ion  of a m a lg a m  ~ 0 * 5 4 w t .% N a
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F ig u r e  22 The reaction of amalgam droplets w ith

approximately 1NHCI water-glycerol solution-

( a )  1*00 N HCl solution

Initial amalgam composition : 

x 0*56 wt.% Na 

o 0-27 wtf/o Na

0-16

012

0-08

0*04

0-2 0*4 0*80*6 
Time (s)

( b )  0-91 N HCl solution containing 0 5 moies of NaCIVli tre.

Initial amalgam composition : 

0-59 wt.% Na
0*16

0-12

00 8

0-6 
Time ( s )

0-80-2



Figure 23 The reaction of a m a lg a m  drop le ts  with

1*47 N HCl, w a te r -g ly c e ro l  s o lu t io n .

( a )  Salt f ree  so lut ion .

- Initial amalgam composition: 
0-54 w t %  Na0*20

01 6XJ

0*08

0
1*2 1*6

T im e ( s )

( b) Containing 0*5 moles of NaCl / l i t re  .

0*24
- Initial amalgam composition : 

0*55 wt.% Na0*20oo

0*16

0*12

d 0*08
T)
</> 0 04

0*4 0*8

Time ( s )



Figure 23 continued

(c) Containing VO moles of NaCl / l i t r e .

0*24
“ In it ia l  amalgam composition : 

0-54 w t .%  Na0-20oo

*o 0*16<b
>

£ 0*12 oi—
|  008. 
'S
m 004

0-4 0-8
Time (s  )

(d )  Contain ing 1-75 moles of NaCl / l i t re .

0-24
- Initial am a lgam  composit ion : 

0-53 wt.% Na0-20oo

T im e  ( s )
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Figure 24 The reaction of amalgam droplets with

201 N HCl,water-glycerol  solution.

( a )  Salt free solution .

0-24

0*16

0*12

Initial amalgam composition: _ 

0*58 wt.% Na

0*4 0-6
Time ( s )

(b )  Containing 0 5moles of NaCl / l i t re  .

‘ Initial amalgam composition : 

0-56 wt.% Na0*20

0*16

0041-

Time ( s )
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F igure 24 continued

(c )  Containing 1-0molesof NaCl / l itre.

0-59 wt.% Na
0*20

0-16

0-12

0-08

1-60 4 0-8

T im e  ( s )
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Figure 25 The reaction of amalgam droplets with
2*73 N HCl , water-glycerol solution.

(a )  Salt fr.ee so lut ion

0-32

0-28

0-20

0T6

0T2

0 0 8 Initial amalgam composit ion:"  

x 0*58 wt.%  Na 
o 0*43 w t .% Na

0-8
Time ( s )

1*2

b) Solution containing 0*5moles of NaCl /  l i t re

0-32

0*28

016

0*12

0*08 In it ia l  amalgam composition: * 

0-60 wt.% Na
0 04 -

1*20-8
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Table 6 - The effect of acid concentration on the rate of sodium removal 
from 2.4 nim diameter amalgam droplets in 60 v i  glycerol- 
water solution.

HCl conc. NaCl conc. 
(moles/l)

Na removal 
rate
(wt °jo/sec)

Initial amalgam 
composition 
(wt io Na)

Temp.
°C

Figure No.

0.50 N 0 0.053 0.540 *0.015 20 21
1.00 N 0 0.125 0.562 * 0.012 20 22(a)

1.47 N 0 0.172 0.540 * 0.015 18 25(a)
2.01 N 0 0.214 0.581 * 0.005 19 24(a)

2.73 N 0 0.231 0.578 * 0.008 19 25(a)

0.91 N 0.5 0.105 0.550 * 0.012 20 22(b)|
1;47 N 0.5 0.144 0.548 * 0.010 17 23(b)
2.01 N 0.5 0.175 0.555 * °*009 19 24(b)

2.73 N 0.5 0.221 0.602 * 0.007 21 25(b)
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Figure 26 The e ffe c t of HCl concentration on the ra te  of

sodium removal from amalgam droplets .

0-30

0-2 5

0-20
( b )

0*10

0-05

10 3*00*5 2*50 1-5 20

HCl concentration (m oles  / l i t re  )

( a )  No sodium chloride rn solut ion .

( b )  Aqueous phase containing 0 5 m o l e s o f  N a C l / l i t r e .



Table 7 - The effect of sodium chloride concentration on the rate of sodium 
removal from 2.4. mm diameter amalgam droplets in 60 v ̂  glycerol- 
water solution. .

HCl conc. HaCI conc. 
(moles/l)

Ha removal 
rate
(wt$Ha/s)

Initial amalgam 
composition 
(wt Ha)

Temp.
°C

-.... ....
Figure Ho.

1.47 H 0 0.172 0.540 + 0.015 18 23(a)

1.47 N 0.5 0.144 . 0.548 + 0.010 17 23(b)

1.47 H 1.0 0.152 0.542 * 0.004 17 23(c)
1.47 N 1.75 • 0.108 0.528 * 0.020 17 23(d)

2.01 H 0 0.214 0.581 + 0.005 19 24(a)
2101 H 0.5 0.175 0.555 i 0.009 19 24(b)
i

2.01 H 1.0 0.162 0.595 * 0.007 19 24(c)
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F igure 27 The effec t of NaCl concentration on the rate of

sodium removal from amalgam droplets.

0-22

0-20
2 01 N HCl solution

0-18

0-16

o-u

1-47N HCl solution
0-12

0-10
200-5 100

NaCl concentration (moles / l i t re )



Figure 28 The reaction be tw een 2 01 N HCl w ater -g lycero l  

solut ion and amalgam droplets at low sodium 

co nce n tra t io n s .

(a)  Amalgam containing initially 0*1.9wt.% Na.

016
From fig. 24(a)

oo
~  0 *12

*u
>
§  0*08

E
|  004
oin

0-8
Time ( s )

201-6

(b )  Amalgam containing initially 0*27wt.% Na .

o
: o-2oo

From fig. 24(a)

0*16 -

>
f 012 -
<b

E 0 08 -

S 0 0 4 -

0-8 
T im e  ( s )

1*2

Mechanism change : 0*21 wt.% Na



Figure 28 continued

(c )  Amalgam containing initially 0*28wt.% Na and aqueous 

phase containing 0-5moles of NaCl per l i tre.

0-20o #
si ̂ 0-16 T)
<b
>§ 0-12
<\>

E 0 0 8p
■5
m 0 0 4

From fig. 24(b)

0-4
Time (s)

Mechanism change 0*18 wt.% Na

(d )  Amalgam containing initially 0-31 wt.% Na and aqueous 
phase containing 1-0 mole of NaCl per litre.

0*24

0-20
From fig. 24 (c)

0*16*o

9 0*12

0*08

o 0 0 4

1-20*8 
Time ( s )

Mechanism change 0 20 wt.% Na



Figure 2 9 The reaction between 2-7 N HCl water-glycerol 

solution and amalgam droplets at low sodium 

co n c e n tra t io n s .

Amalgam containing initial ly 0-33 wt.% Na

0*28

From fig. 2 5 (a)o

0-20

1 0-16
o
E£ 0*12 
E
|  0 0 8  
o in

0 0 4

1*60*8
Time ( s )

Mechanism change 0*23 wt.% Na
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Figure 30 Theoretical rate of sodium removal from amalgam  

droplets assuming sodium transport control.

( rd = 1*2 m m , bs= 1 0  )

0-6

■max. rate 
observed 
in expts. 
(2*73 N HCl)

0-2

020 0-4 0*6
Na concentration (wt.%)

Theoretical rate of sodium removal from amalgam 

droplets assuming hydrogen ion transport control. 
( rd = 1-2 mrn , bs = 1*0 )

0-8

0-6

0-2
observed r a t e  

fig. 2 6 (a)____ i »_____
0 201-0 3 0

HCl concentrat ion(moles / l i t re )
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Figure 32 The effect of NaCl andHCl concentration in the aqueous

phase on the interfacial concentration of Na+ions.

6-0

Na+concentration 
in bulk solution 
(g  ions/l i tre)  >

5 0

0-5

3 0

2-0
Solubility of NaCl 

( m o le s / l i t r e )

3*00*5 2-0 2*5

HCl concentration (m o le s / l )



-L
o

g
lo 

( 
Am

al
ga

m
 

co
m

po
si

ti
on

 
in 

wt
.%

 
of 

so
d

iu

Figure 33 The reaction between 2*01 N HCl water-glycerol solution 

and amalgam droplets initially containing 0-19 wt.% Na.

Data from figure 28(a) presented in the form of 
equation 4-23.
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Figure 34 The relationship between the HCi concentration in the 

aqueous phase and the amalgam composition at 

which the change from hydrogen ion discharge 

control to sodium transport control occurs .

Theoretical
relationship0-3

$
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Experimental (x)

3-00 2-01-0
HC! concentration (moles/1)



Key to Figure 35

1 Hydrogen chloride supply via needle valve,
2 Nitrogen supply via needle valve,

3 7K Rotameter.
4 18A Rotameter,
5 Mercury manometer,
6 Thermometer.
7 Mercury manometer
8 Thermometer.
9 Gas mixing vessel.
10 Air "bleed valve.
11 Thermometer.
12 Mercury manometer.
13 I Lance.
14 Model slag.
15 Sodium amalgam.
16 Model converter vessel.
17 Mercury manometer.
18 Position of constriction for experiments at elevated 

vessel pressures.
19 Mercury trap.
20 Water wash to remove hydrogen chloride.
21 Mercury trap.
22 Water wash to remove hydrogen chloride.
23 Water trap.
24 ' Rotameter.
25 'Gas sampling system.
26 Sample tube.
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PLATE 15

A general view of the model converter and ancillary 
equipment.









AMALGAM
SURFACE

inin

50mmI---!---1---1---1---1

FIGURE 36 INTERNAL PROFILE OF MODEL CONVERTER VESSEL.



Table 8

Optimum operating conditions for Mini I chromatograph

Argon
0.7 kg/cm^ (10 lb f/in^)
20 minutes

%  molecular sieve 
3 /47 cm /min 

5 m.a.
x 32 or x 64 
0 - 1 mv

Chart recorder: Honeywell Electronik 194
Range: 0 - 1 mv
Chart speed: 1 mm/ second

Active column: 
Argon flow rate: 
Bridge current: 
Sensitivity? 
Output:

Carrier gas:
Pressure in carrier gas line: 
Initial flushing period:



Figure 37

(a) Typical analysis trace from gas chromatograph.

Cl

CL

(b) Method of determining area under hydrogen peak .



N2/HClgas  
m ix tu re

Reservoir for model 
slag sample.

'Pyrotenax'
thermocouple

’ •/ Model slag

Amalgam

Figure 38 Modified vessel for slag' sampling experiments.



PLATE 17

Various views of the modified converter vessel used 
to investigate the droplet splashing rate.

(a) A general view of the assembled vessel.
(b) A view into the lower section of the vessel

! showing the droplet trap.
!

(c) The lid which covers the droplet trap.
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PLATE 18

I A general view of the assembled apparatus used to
i

determine the splashing rate within the model converter 
vessel.





PLATE 19

A series of photographs illustrating the progress 
of a typical experiment.

(a) The model converter .just before the start of the
blow.

(b) The N^/hGI gas mixture being introduced through 
the lance at the start of the experiment.

(c) Showing the extent of foam formation after
about 1-g- minutes.

I
> (a) The foam reaches a maximum volume after about

3 minutes.
(e) Showing the model converter just prior to term

inating the experiment after 6 minutes blowing.
<*) About 20 seconds after terminating the blow.
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PLATE 20

Ii  This illustrates the effect of jetting only nitrogen 
gas onto the amalgam in the model converter.





PLATE 21

Reacting amalgam droplets falling through the foam 
layer inside the model converter.

1.5 x actual size
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Figure AO Refining behaviour of model converter using a gas

jet containing 7-2v7oHCl w ith  a momentum of 77mM.

(For additional information see table 9 . )

(a )  Rate of sodium removal from amalgam bath.
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Figure 41 Refining behaviour of model converter using a gas jet
containing 12 2 v%HCl with a momentum of 77mN.
(For additional information see table  9 )

(a )  Rate of sodium removal from amalgam bath.
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Figure 42 Refining behaviour of model converter using a gas
jet containing 122v?/oHCl with a momentum of 77mN.
(For additional information see table 9 )

(a) Rate of sodium removal from amalgam bath.
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Figure 43 Refining behaviour of model converter using a gas jet
containing 12*3 v.%HCl witha momentum of 77mN.
(For additional information see table 9 )

(a )  Rate of sodium removal from amalgam bath.
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Figure 44 Refining behaviour of model converter  using a gas jet
containing 14-6v.%>HCl with a momentum of 77mN .
(For addit ional information see table 9 )

(a )  Rate of sodium removal from amalgam bath.
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Figure 45 Refining behaviour of model converter using a gas
containing 6*4v?/o HCl with a momentum of 102 mN.
(Foradditional information see table 9 )

(a ) Rate of sodium removal from amalgam bath.

13*1 v?/oHCl jetifrom fig .48.

Time (min.)

Foam volume.

700

600

500
13*1 v.%HCl jet, 
from fig. 48.400
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200
Time (min.)



Figure 46 Refining behaviour of model converter u s in g a g a s je t
containing 9*4v.%HCl with a momentum of 102mN.

(For addit ional  in formation see table  9.)

(o) Rate of sodium removal from  am algam  bath.
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Figure 47 Refining behaviour of model converter using a gas jet
containing 11-3 v.% HCl with a moment um of 102 mN-
(For additional information see table 9 . )

(a )  Rate of sodium removal from amalgam bath.
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Figure 48 Refining behaviour of model converter using a gas jet
containing 13*1 v.% HCl with a momentum of 102 mN.
(For add it iona l  information see table 9 . )

(a )  Rate of sodium removal from amalgam bath.
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Figure 49 The effect of jet composition and jet momentum on
the mean stage II rate of sodium removal from
the amalgam bath.

(a ) Refining rate versus jet composition.
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(b) Refining ra te  versus the volumetric flow rate cf 
hydrogen chloride into the reaction vessel.
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Figure 50 The effect of jet composition on the acid concentration

in the model slag during a blow.

Jet momentum : 102 mN

3 0

co 20

c
Q>ucO
uX

Time (min.)

(a) 6'4v.%HCl jet Blowing conditions as for fig. 45 (tab le  9 )  .

In itia l composition of amalgam : 0-57wt?/oNa.

( b ) 13*1 v%HCl je t:-B low ing  conditions as for f ig ,48 (table 9 )  .

In itial composition of amalgam :0 54wt7oNa.



Figure 51 The ef fect  of jet composition on the tem perature

of the model slag during a blow*

Jet momentum : 102 mN

13 1 v% HCl jet
40

CL

Time (min.)

(a) 64v.% HCl je t : -  Blowing conditions as for f ig .45 ( ta b le  9 ) .

Initial composition of amalgam : 0 57wtf/oNa. 

Initial tem perature of model slag : 15° C .

(b)13Tv% HCl jet Blowing conditions as for fig. 48 ( tab le  9 ) .

Initial composition of amalgam : 0*54 wt?A> Na. 

Initial temperature of model slag : 12°C.



Figure 52 The effect of lance height and jet momentum on 

the ra te  of splashing from the am algam  bath .
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PLATE 22

Amalgam droplets falling down the column below the 
collection trap, in the modified vessel shown in Plate 18.

2 x actual sise
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Table 10 - Summary of the experiments carried out to determine the 
effect of lance height on the refining rate in the 
model converter.

Nitrogen flow rate:
Hydrogen chloride flow rate: 
Jet composition:
Jet momentum:
Excess vessel pressure:

58.9 l/min. at 3.T.P.
8.1 l/min. at S.T.P.
12.1 V . ’ io HCl 
110 mN
0.038 atmospheres

Figure No Initial Na in
amalgam
(wt.$)

Lance height 
(mm)

Mean stage II 
refining rate 
(wt.% Na/min.)

Estimated
F M II

53 0.58 0 0.0454 -

&» 0.59 2.5 0.0465 0.61

55 0.59 12.0 0.0396 —

56 0.59 21,0 0.0373 0.47
(60)

57 0-59 31.0 0.0330 —

58 0.59 44.0 0.0331 -





Figure 53 Refining behaviour when the lance tip is at the surface

of the amalgam pool.

(For additional in formation see table 10 . )

(a )  Rate of sodium removal from amalgam bath.
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gure 54 Refining behaviour when lance tip is 2 5 mm above the
surface of the amalgam pool.
(For addit ional information see table 10. )

(a )  Rate of sodium removal from am algam  bath.
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Figure 55 Refining behaviour when lance tip is 12 0 mm above

the surface of the amalgam pool.

( For addit ional information see table 10 )

(a )  Rate of sodium removal from amalgam bath.
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Figure 56 Refining behaviour when lance tip is 2 1 0 mm above

the surface of the am algam  pool.

(For addit iona l  in formation see table 10 )

(a )  Rate of sodium removal from amalgam bath.
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.Figure 57 Refining behaviour when lance t ip is  3 1 0 m m  above

the surface of the amalgam pool .

(For a d d i t iona l  in formation see table 1 0 )

(a )  Rate of sodium removal from amalgam bath.
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(b) Foam volume.
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Figure 58 Refining behaviour when lance tip is 44 0m m

above the surface of the amalgam pool.

( For addit iona l  information see table  10.)

(a )  Rate of sodium removal from amalgam bath.

c
£
o

o

Q>
fO 30

o
E<L»
E
D
•5OCO

Time ( m i n .,)

(b )  Foam volume.
700

600

E
ai 500 
E
D
O  
>

200,
Time (m in )



Figure The effect of lance height on the mean stage II rate

of sodium removal from the amaigam bath.

( For additional information see table 10.)
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Figure 60 The effect of lance height on the acid concentration

in the model slag during a blow.

4 0

20-5 mm3 0
in
Sio
£
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c
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Time (min.)

(a) 2-5mm lance height -Blowing conditions as for fig. 54 (table 10) .

Initial composition of amalgam :0*60wtP/oNa.

(b)20'5mmlance height Blowing conditions as for fig.56 (table 10)

Initial composition of amalgam :0-58wt.%Na.



Figure 61 The effect of iance height on the temperature

of the model slag during a blow.

Lance height :~ 

o 2 5 mm 

* 20*5 mm

60

uo
(U(/)njd>V_uc

3rOL.
Of

E 2 0 “
Q)

Time (min.)

(a) 2-5mmlance height -Blowing conditions as for f ig .54  ( ta b le  9 ) .

Initial composition of a m a lg a m : 0-60wt.% Na. 

Initial temperature of model slag : 17cC.

(b) 20-5 mm lance h e i g h t B l o w i n g  conditions as for fig. 56 ( tab le  9).

Initial composition of amalgam :0 58wt.% Na. 

Initial tem pera tu re  of model slag :19°C.



Table 11 - Summary of experiments carried out to determine the effect 
of sodium chloride concentration in the model slag on the 
rate of sodium removal from the amalgam hath.

Figure number 48 (63) 62 (63)

Initial NaCl concentration in 
model slag (moles/l) 0 2.0
Initial Na concentration in 
amalgam (wt. fo) O.58 0.57
Excess vessel pressure (atmos.) 0.042 0.042
Ng flow rate (l/min. at S.T.P.) 55.6 55.2
HC1 flow rate (l/min at S.T.P.) 8.4 8.3
Jet composition (v.fo HCl) 13.1 13.1
Jet momentum (mN) 102.5 102.4
Lance height (mil) 2.5 2.5
Mean stage II refining rate 
(wt.. io Na/min.) 0.0473 0.0581
Estimated mean value of Fm
during stage II refining period O.65 0.71



Figure 62 The effect on the refining behaviour of using a 60v% glycerol 
-water  solution containing initially 0 5 moles of NaCi per 
l itre,as the model slag.
(For additional information see table 11.)

(a) Rate of sodium removal from amalgam bath.
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Ê
<u 500 
E

> uoo
£<0

300

with no salt
initiall* * ------
in moi 
(fig. 48)

200
Time (min.)



Figure 63 The effect of the initial NaCl concentrat ion on the acid
concentration in the model slag during a blow.

-2 30

cO;vcou model slag initially contained: 

♦ No NaCl

o 0 5 moles of NaCl /  litre
(j>
x

Time (min.)

(a) No NaCl initially present

Blowing conditions as for fig. 48 ( t a b le  11) .  

Initial composition of amalgam : 0-54wt.%Na.

(b )0 -5 m o le s  of NaCl / l i t re  initially present

Blowing conditions as for fig. 62 (table 11 ). 

Initial composition of amalgam : 0-55 wt.% N a .



Figure 64 The effect of the initial NaCl concentration on the

temperature of the model slag during a blow.
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(a) No NaCl initially present
Blowing conditions as for fig. 48 (table 11). 
Initial composition of amalgam : 0 54 wt.% Na. 
Initial temperature of model slag:12°C.

(b) 0 5 moles of NaCl / l itre initially present
Blowing conditions as for fig. 62 (table  11 ). 
Initial composition of am algam  : 0 - 55wt.% Na 

In it ia l tem perature  of model s lag :1 7°C .



Table 12 - Summary of experiments carried out to determine the effect of vessel 
pressure on the refining rate in the model converter.

Lance height: 2.5 mm
Jet momentum: 77 niN

Figure
No.

Initial Na 
in
amalgam
(wt./)

Excess 
Vessel 
pressure 
(atmos.)

N2 flow 
rate
(l/min.at 
S.T.P.)

HC1 flow 
rate
(l/min.at 
S.T.P.)

v./ HG1 in 
jet gases

Mean 
stage II 
refining 
rate
(wt./ Na/ 
min.)

Max. foam
volume
(ml)

41 0.60 0.037 47.6 6.60 12.2 0.03U 600
42 0.61 0.037 47.6 6.60 12.2 0.0319 65O
43 0.61 0.034 47.3 6.60 12.3 0,0344 600

65 0.58 0.222 50.8 7.15 12.4 0.0367 600

66 0.58 0.371 53.9 7.55 12.4 0.0406 500

67 0.59 0.545 56.1 7.86 12.3 0.0425 500

68 0.60 0.747 57.4 8.04 12.2 O.O465 375



Figure 65 The refining behaviour of the model converter when
operating with an excess vessel pressure of 0-222
atmospheres. (Foradditional information see table 12.)

(a) Rate of sodium removal from amalgam bath.
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Figure 66 The refining behaviour of the model converter when

operating with an excess vessel pressure of 0 371

atmospheres. (For addit ional in formation see table12.)

(a )R a te  of sodium removal from amalgam bath.
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Figure 67 The refining behaviour of the model converter when

operating with an excess vessel pressure  of 0-545

atm ospheres .  (Foradditional information see table12.)

( a )  Rate of sodium removal from the amalgam bath.
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Figure 68 The ref in ing behaviour of the model converter when
operating withan excess vessel pressure of 0 7 4 7

atmospheres .(For addit ional information see table 12.)

(a )  Rate of sodium removal from the amalgam bath.
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Figure 69 The effect of vessel pressure on the mean stage II
rate of sodium removal from the amalgam b a th .

Figure

Blowing condit ions summarised in table 12
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70 The effect of vessel pressure on the maximum foam 

volume achieved during a blow.

Blowing conditions summarised in table 12.
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Figure 71 The mean stage II refining rate presented as a function 

of the volumetric flow rate of hydrogen chloride into  

the reaction vessel for the exper im ents  conducted 

w ith  elevated vessel pressures .
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The broken line is from figure 4 9 (b )  fo r a  series of experiments  

conducted at atmospheric pressure with a jet momentum of 77mN.



Figure 72 The effect of vessel pressure on the acid concentrat ion

in the model slag during a blow.
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(a)  0-037 atmospheres

Blowing conditions as for  figures 41 &42 ( tab le  12). 

In it ia l  composition of amalgam : 0-62wt.%Na.

( b ) 0*318 atmospheres

Blowing conditions similar to fig. 66 (table 12). 

Initial composition of amalgam : 0-61 wt.% Na.



Figure 73 The effect of vessel pressure on the temperature

of the model slag during a blow.
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Blowing conditions as for figures 41 & 42 ( tab le  12).  

Initial composition of amalgam : 0*62wt.%> Na.

Initial temperature  of model slag : 21°C .

( b)0 318 atm ospheres

Blowing conditions similar to fig. 66 ( t a b le  12 ) .  

In it ia l  composition of amalgam : 0-61 wt.% Na.  

In it ia l temperature of model slag : 18°C



Table 13 - Summary of those experiments carried out with the same mass flow rate 
of hydrogen chloride into the reaction vessel but different vessel 
pressures.

Lance height for all experiments was 2.5 mm

Figure
No.

Initial Na 
in
amalgam 
(wt. io)

Excess
vessel
pressure
(atmos.)

N^ flow 
rate
(l/min. at 
S.T.P.)

HCl flow 
rate
(l/min.at 
S.T.P.)

v.$ HCl 
in jet
gases

Jet
momentum
(mN)

Mean stage II 
refining rate 
(wt.$ Na/min.)

68 0.60 0.747 57.4 8.0 12.3 75.0 0.0465
74 0.60 0.038 57.4 8.1 12.4 105.0 0.0465

75 0.63 0.315 55*4 8.3 13.0 84.7 0.0484
48 0.58 0.042 55.6 8.4 13.1 102.5 0.0475



Figure 74 Experiments conducted with a gas jet containing 12-35v?/o 
HCl & with a flow rate of 8'05 l/min. of HCl a t  SIR but 
different vessel pres sures .
(For addit ional  information see table 13. )

( a )  Rate of sodium removal from the amalgam bath.
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0-747 atmospheres

c
eo

S  40

0-038 atmospheres

ED
*DO
if)

Time ( m in . )

(b )  Foam volume.
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From figure 68 -  
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Figure 75 Experiments conducted w i thag as  jet containing 13 05 v.% 

HCl & with a flow rate of 8 35 l/min. of HCl at SIP but 
different vessel pressures .

(For addit ional in form at ion  see table 13.)

(a )  Rate of sodium removal from the amalgam bath.
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Figure 76 The change in the acid concentration in the model slag 

for exper im ents  using the same mass flow rate of 
hydrogen ch lor ide  into the react ion vessel  but  

di f fe r ing  ve sse l  p re s s u re s  .
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x 0*313 atmospheres

Time (m in. )

(a )  0*042 atm ospheres

Blowing condit ions as for f igure48  ( t a b le  13) 

In i t ia l  composition of am algam  : 0*54w t.%  Na.

(b) 0*313 a tm ospheres

Blowing cond it ions  as for f igure 75 ( ta b le  13) 

In i t ia l  composition of a m a lg a m :  0*60 wt.% Na .



Figure 77 The variat ion in the temperature of the model slag
during exper im ents  using the same mass flow rate of 

hydrogen chloride into the reaction vessel but 

d i f fe ren t  vessel pressures.
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( a )  0*042 atm ospheres
Blowing condit ions as for f i g u r e 4 8  ( t a b l e 1 3 ) .  

In i t ia l  composit ion of amalgam 0*54 wt.% Na. 

In it ia l  temperature of model slag 12°C.

ib) 0*313 a tm o sp h e re s

Blowing condit ions as for f ig u re  75 ( t a b le  13) 

In i t ia l  com posi t ion  of amalgam : 0 60 wt.% Na.  

I n i t ia l  te m p e ra tu re  of model slag 21° C.



Table 14 - Summary of experiments carried out with a low sodium concentration
in the amalgam bath.

Figure
No.

Initial 
Na in 
amalgam 
(wt.$)

Excess 
vessel 
pressure 
(atmos.)

N„ flow 2
rate
(l/min.at 
S.T.P.)

HCl flow 
rate
(l/min.at 
S.T.P.)

V.fo HCl 
in jet 
gases

Lance
height
(mm)

Jet
momentum
(mN)

78 0.32 0.047 55-6 8.4 13.1 2.5 102.5

79 0.30 0.047 55.4 8.4 13.2 2.5 104.6

85 0.29 0.037 55.6 8.3 13.0 20.4 103.8

82 0.30 0.350 62.5 9.4 13.1 2.5 102.5

83 0.32 0.392 62.0 9.4 13.2 2.5 102.6



Figure 78 The re f in ing  behav iour  at low sodium concentrat ions.

In i t ia l  composition of am algam  0 /3 2 w t .% N a .
(For addit ional in fo rm a t io n  see table  1A)

( a )  Rate of sodium rem ova l  from the amalgam bath.

fromfig.48 -a m a lg a m  
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Figure 79 The refining behaviour at low sodium concentrat ions.

In i t ia l  composit ion of amalgam 0*30 wt.%> Na.
(For  ad d it iona l  in formation see table 14. )

(a )  Rate of sodium removal from the amalgam bath .
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Figure 80 The change in the acid concentration in the model 

slag for an experiment performed w i th  amalgam  

initially conta in ing  0-30 wt.%Na.

from f igure 5 0 ( b ) -

co
20

c0)ucou
oX

Time (m in . )

Blowing condit ions as for fig.-48 ( tab le9) & fig's 7 8 & 79 (table 14). 

Initial composition of amalgam : 0*30wt.% Na.

Broken line from fig. 50(b).

Initial composition of amalgam : 0  5 4 w t .% N a .



Figure 81 The temperature of the model slag during an 

experiment performed with amalgam initially 

conta in ing 0 -30w t .% N a .

From figure 51(b)
oo
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30

Time (m in. )

Blowing conditions as for fig.48 (table 9 )  & fig's 78 & 79 (table 14). 

Initial composition of amalgam : 0 3 0 w t%  Na.

Initial temperature  of model slag : 21°C .

Broken line from fig. 51(b) .

In it ia l composition of amalgam : 0-54 wt.c/o Na.

Initial temperature of model slag : 12°C.



Figure 82 The refining of an amalgam initially conta in ing  
0 ‘3 0 w t .% N a  when the excess vessel pressure  

was 0-350 atmospheres •
(For  additional information see table 14. )

(a)  Rate of sodium removal removal from the amalgam bath.
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Figure 83 The refining of an amalgam initially c o nta in in g
0 - 3 2 w t .% N a  when the excess vessel pressure
was 0-392 a tm o s p h ere s .
(For a d d it io n a l in form ation see table 14.)

( a )  Rate of sodium removal from the amalgam bath.
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Figure 85 The refining of an amalgam initially containing  

0 -2 9 w t .% N a  using a lance height of 2 0 -4 mm.

(For a d d it io n a l in fo rm a tio n  see table  1 4 . )

(a ) Rate of sodium removal from the am algam  bath.

From figure 78 -  
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F igure 86 The refining rate from figure 85 presented as a 

function of bath composition .
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Figure 87 Theoretical refining conditions in the model
converter if the sodium removal rate depended only 

upon the H+ concentration in the model slag.

Hydrogen chloride

Time

Time



(m
ol

es
 
I m

in
.)

Figure 88 The variation in mHCl throughout a blow

0-3

0-2

ox

Time (min.)

Data from figures 48 and 50(b)



Table 15 - An estimate of the total surface area of 
amalgam droplets in the foam for various 
mean droplet sizes and life times in the 
foam.

For a splashing rate of 250 ml/min.

Life time 
in foam 
(seconds)

1 2 Total surface area (cm')
j Mean dro]
I 0.2j ....

plet dian 
1.0

leter (mm) 
2.0 |5.0

0.1

0.5
1.0
3.0
6.0 

10.0

! 125 
625 

1250 

3750 
7500 

12500

25
125
250
750

1500
2500

12
62

125
375
750

1250

5
25
50

150
500
500

For a splashing rate of 500 ml/min.

Life time 
. in foam 
(seconds)

2Total surface area (cm )
Mean
0.2

droplet
1.0

diamete
2.0

r (mm) 
5.0

0.1

0.5
1.0
3*0
6.0

10.0

250
1250
2500
7500

15000
25000

.

50
250
500

1500
5000
5000

25
125
250
750

1500
2500

10
50

100
300
600

1000
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Figure 89 The effect of vessel pressure on the refining

rate per unit volume of foam.
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Table 16 - Tabulated results of all mass transfer experiments with single droplets.

Figure
No.

HOI
conc.
(mol/l)

NaCl
conc.
(mol/l)

Initial
Na
content
(wt^)

Temp.
(°c )

Ht.
of
fall
(cm)

Reaction
time

(s)
H2evolved 
at S.T.P. 
(ml/drop)

Na .
removed 
(wt io)

21 0.50 0 0.551 20 16.4 0.34 0.0080 0.017
21 0.50 0 0.545 20 22.5 0.46 0.0098 0.021
21 0.50 0 0.551 20 32.6 O.67 0.0126 0.027
21 0.50 0 0.536 20 41.9 0.86 O.OI64 0.035
21 0.50 0 0.525 20 48.5 0.99 0.0224 0.048
21 0.50 0 0.533 20 59.7 1.22 0.0276 0.059
22(a) 1.00 0 0.570 19 ' 17.6 0.38 0.0197 0.042
22(a) 1.00 0 O.564 19 27.8 0.60 0.0318 0.068
22(a) 1.00 0 O.56I 20 41.8 0.90 0.0458 0.098
22(a) 1.00 0 0.550 20 53.0 1.14* 0.0580 0.124
22(a) 1.00 0 O.569 20 56.6 1.22. O.O674 0.144
22(a) 1.00 0 O.558 20 60.2 1.29 0.0711 0.152
22(a) 1.001 0 0.271 17 16.8 0.36 0.0187 0.040
22(a) 'l.OO 0 0.2 69 17 28.0 0.60 0.0337 0.072
22(a) 1.00 0 0.276 17 44.0 0.95 0.0473 0.101
22(a) 1.00 0 0.268 17 57.7 1.24 O.O636 0.136
-22(b) '0.91 0.5 0.562 20 23.3 0.51 0.0215 0.046
22(b) 0.91 0.5 0.542 20 41.2 0.90 0.0431 0.092
22(b) 0.91 0.5 0.546 20 55.0 1.20 0.0524 0.112
23(a) 1.47 0 0.555 20 15.8 0.35 0.0253 0.054
23(a) 1.47 0 0.527 20 23.1 0.51 0.0379 0.081
23(a) 1.47 0 0.533 20 31.0 0.68 0.0477 0.102
23(a) 1.47 0 0.528 16 39.7 0.87 0.0627 0.134
23(a) 1.47 0 0.550 18 47.8 1.05 0.0748 0.160
23(a) 1.47 0 0.555 18 54.8 1.20 0.0851 0.182
23(a) 1.47 0 0.535 16 57.3 1.26 0.0969 0.207
23(b) 1.47 0.5 0.547 16 15.8 0.35 0.0225 0.048
23(b) i.47 0.5 0.542 16 23.5 0.53 0.0281 0.060
23(b) 1.47 0.5 0.545 17 35.8 0.80 0.0528 0.113
23(b) 1.47 0.5 0.550 17 37.0 0.83 0.0547 0.117
23(b) 1.47 0.5 0.542 17 53.4 1.19 0.0702 0.150
23(b) 1.47 0.5 0.558 17 58.9 1.32 0.0832 0.178
23(c) 1.47 1.0 0.538 16 16.2 0.38 0.0211 0.045
23(c) 1.47 1.0 0.545 17 35.1 0.82 0.0435 0.093
23(c) 1.47 1.0 0.544 17 59.9 1.39 0.0814 0.174



Table 16 continued
Figure
No.

HC1
conc.
(mol/l)

NaCl
conc.
(mol/l)

Initial
Na
content 
(wt°jo)

Temp.
(°C)

Ht.
of
fall
(cm)

Reaction
time

(s)
H2evolved 
at S.T.P. 
(ml/drop)

Na
removed 
(■wt fo])

23(d) 1.47 1.75 O.5O8 17 16.0 0.39 0.0201 0.043
23(a) 1.47 1.75 0.538 15 16.8 0.41 0.0206 0.044
23(d) 1.47 1.75 0.541 17 52.0 0.78 0.0337 0.072
23(d) 1.47 • 1.75 0.538 17 52.2 0.79 0.0332 0.071
23(d) 1.47 1.75 0.511 17 37.0 0.90 0.0454 0.097
23(a) 1.47 1.75 0.537 17 • 37.3 0.91 0.0421 . 0.090
23(d) 1.47 1.75 0.533 17 52.5 1.28 0.0575 0.123
23(d) 1.47 1.75 0.508 17 60.3 1.47 0.0735 0.157
23(d) 1.47 1.75 0.541 17 61.7 1.50 0.0730 0.156
24(a) 2.01 0 0.575 19 17.4 0.39 0.0416 0.089
24(a) 2.01 0 0.577 19 26.3 O.58 0.0552 0.118
24(a) 2.01 0 0.582 20 41.1 0.91 0.0819 0.175
24(a) 2.01 0 0.581 18 48.8 1.08 0.0978 0.209
24(a) 2.01 0 0.586 18 52.5 1.16 0.1132 0.242
24(a) 2.01 0 0.582 20 53.2 1.18 0.1170 0.250
24(b) 2.01 0.5 0.548 19 17.6 0.41 0.0374 0.080
24(b) 2.01 0.5 O.564 19 31.8 0.74 0.0608 0.130
24(b) 2.01 0.5 0.560 19 44.3 1.03 0,0781 0.167
24(b) 2.01 0.5 0.549 19 53.5 1.36 0.1076 0.230
24(o) 2.01 1.0 0.591 19 17.4 0.43 0.0356 O.O76
24(c) 2.01 1.0 0.595 19 50.2 0.75 0.0543 0.116
24(c) 2.01 1.0 0.587 19 45.5 1.13 0.0S05 0.172
24(c) 2.01 1.0 0.600 19 58.7 1.45 0.1128 0.241
25(a) 2.73 0 0.582 19 16.7 0.37 0.0440 0.094
25(a) 2.73 0 0.581 19 26.7 0.59 0.0683 0.146
25(a) 2.73 0 0.576 19 27.2 0.60 0.0617 0.132
25(a) 2.73 0 0.570 19 37.5 0.83 0.0828 0.177
25(a) 2.73 0 0.578 19 60.2 1.32 0.1557 0.290
25(a) 2.73 0 0.425 20 17.1 0.38 0.0412 0.088
25(a) 2.73 0 0.426 20 37.2 0.82 0.0926 0.198
25(a) 2.73 0 0.431 20 50.1 1.10 0.1193 0.255
25(a) 2.73 0 0.424 20 60.7 1.34 0.1310 0.280
25(b) 2.73 0.5 0.596 21 ' 16.3 0.38 0.0384 0.082
25(b) 2.73 0.5 0.600 21 25.6 0.60 0.0599 0.128
25(b) 2.73 0.5 0.602 21 49.8 1.16 0.1236 0.264



Table 16 continued
Figure
No.

HC1
conc.
(mol/l)

NaCl
conc.
(mol/l)

Initial
Na
content 
(wtffo)

Temp.
(°c )

Ht.
of
fall
(cm)

Reaction
time

(s)
H2evolved 
at S.T.P.
(ml/drop)

Na
removed 
(vt io)

25(b) 2.73 0.5 0.609 21 6O.7 1.40 0.1480 0.516
28(a) 2.01 0 0.185 17 25.5 0.75 0.0229 0.049
28(a) 2.01 0 0.185 17 37.1 1.19 0.0551 0.075
28(a) 2.01 0 0.187 17 49.1 1.57 0.0450 0.092
28(a) 2.01 0 0.182 17 6O.9 1.95 0.0473 0.101
28(b) 2.01 0 0.268 17 16.4 0.43 0.0252 0.054
28(b) 2.01 0 0.276 16 . 17.0 0.45 0.0565 0.078
28(b) 2.01 0 0.264 19 27.6 0.73 0.0454 0.097
28(b) 2.01 0 0.270 17 40.3 1.07 0.0501 0.107
28(b) 2.01 0 0.264 19 45.3 1.20 0.0557 0.119
28(b) 2.01 0 0.267 19 59.4 1.57 0.0688 0.147
28(b) 2.01 0 0.272 17 59.4 1.57 O.O656 0.156
28(c) 2.01 0.5 0.290 18 16.5 0.43 0.0588 0.085
28(c) 1 2.01 0.5 0.280 18 29.8 0.78 0.0595 0.127
28(c) 2.01 0.5 0.284 18 44.8 1.18 0.0702 0.150
28(c) 2.01 0.5 0.284 16 46.8 1.25 0.0622 0.153
28(c) 2.01 0.5 0.276 16 53.9 1.42 0.0688 0.147
28(d) 2.01 1.0 0.516 19 21.4 0.57 0.0560 0.077
28(d) 2.01 1.0 0.513 19 33.6 0.89- 0.0576 0.125
28(d) 2.01 1.0 0.505 19 48.5 1.28 0.0685 0.146
28(d) 2.01 1.0 0.504 19 60.1 1.59 0.0819 0.175
29 2.70 0 0.535 20 16.8 0.44 0.0468 0.100
29 2.70 0 0.532 20 30.9 0.81 0.0599 0.128
29 2.70 0 0.529 20 48.1 1.27 0.0815 0.174
29 2.70 0 0.533 20 60.5 1.59 0.0941 

....... . ..1
0.201



Table 17 -
Tabulated results of model converter experiments 

- refining rates

SODIUM REMOVAL RATE (wt ^/minute)
Blowing time 

(mins.)

]
Pig. 40 Pig. 41 Fig. 42 Pig. 43 Pig. 44 Pig. 45

0.5 0.0025 0.0009 - 0.0004 0.0022 0.0025
1.0 0.0025 0.0117 0.0068 0.0053 O.OO64 0.0055
1.5 0.0057 0.0151 0.0154 0.0088 0.0154 -
2.0 0.0084 0.0226 0.0173 0.0240 0.0541 0.0101
2.5 0.0127 0.0576 O.O519 0.0534 0.0553 -
3.0 0.0173 0.0275 0.0553 0.0504 0.0566 0.0153
3.5 0.0179' 0.0552 0.0275 0.0501 0.0592 -
4.0 0.0222 0.0295 0.0519 0.0516 0.0405 .0.0259
4.5 0.0195 0.0267 0.0506 0.0562 0.0447 0.0255
5.0 0.0226 0.0501 0.0561 0.0569 0.0464 0.0274
5.5 0.0181 0.0565 0.0287 0.0579 0.0441 0.0267
6.0 0.0175 0.0279 0.0529 0.0590 0.0422 0.0502



Table 17 continued

sod™  removal rate (wt ^/minute)
Blowing time 

(mins.)
Pig. 46 Pig. 47 Pig. 48 Fig. 55 Pig. 54 Pig. 55

0.5 0.0015 0.0017 0.0042
1.0 0.0060 0.0075 O.OO63 O.OO63 0.0134 O.OO65
1.5 0.0122 0.0105 O.OI67 0.0157 0.0235 0.0188
2.0 0.0194 0.0248 0.0354 0.0215 0.0376 0.0254
2.5 - 0.0454 0.0427 0.0394 0.0367 0.0371
5.0 0.0551 0.0412 0,0423 0.0379 0.0442 0.0475
5.5 0.0400 0.0475 0.0462 0.0438 0.0503 0.0296
4.0 0.0382 0.0404 0.0459 0.0516 0.0487 0.0400
4.5 0.0355 0.0450 0.0504 0.0408 0.0545 0.0397
5.0 0.0400 0.0326 0.0490 0.0505 0,0494 0.0504
5.5 0.0375 0.0332 0.0475 0.0517 0.0487 0.0332
6.0 0.0355 0.0406 0.0549 0.0474 0.0398 -



Table 17 continued

SODIUM REMOVAL RATE (wt ^/minute)

Blowing time 
(mins.)

Pig.56 Pig. 57 Pig. 58 Pig. 62 Pig. 65

0.5 0.0106 0.0071 0.0088 0.0017 0.005c
1.0 0.0195 O.OI69 0.0098 0.0058 0.0054
1.5 0.0225 0.0294 0.0286 • 0.0120 0.0112
2.0 0.0527 0.0548 0.0505 0.0204 0.0186
2.5 0.0456 0.0511 0.0556 0.0269 0.0205
5.0 0.0545 0.0288 0.0257 0.0551 0.0557
5.5 - 0.0584 0.0522 0.0482 0.0581
4.0 0.0595 0.0581 0.0607 0.0582 0.0571
4.5 0,0575 0.0511 0.0264 0.0654 0.0561
5.0 0.0564 0.0524 0.0581 0.0555 0.0595
5.5 0.0527 0.0540 0.0188 0.0595 0.0545
6.0 - 0.0520 O.OI65 O.O658 0.0581



Table 17 continued

SODIUM REMOVAL RATE (wt ^/minute)

Blowing time 
(mins.)

Pig. 66 Pig.67 Pig. 68 Pig. 74 Fig. 75

0.5 — 0.0056 0.0026 — 0.0051
1.0 0.0040 O.OO69 0.0167 O.OO57 0.0052
,1.5 0.0168 0.0190 0.0285 0.0172 O.OO67
,2.0 0.0525 0.0576 - 0.0287 0.0160
2.5 0.0579 0.0426 0.0450 0.0405 0.0558
3.0 0.0585 0.0402 0.0414 0.0458 0.0446
3.5 0.0402 0.0440 0.0458 0.0428 0.0573
4.0 0.0576 0.0592 0.0466 0.0594 0.0450
4.5 0.0450 0.0441 0.0514 0.0449 0.0477
5.0 0.0405 0.0420 0.505 - 0.0555
5.5 0.0405 0.0448 0.454 0.0541 0.0555
6.0 0.0590 0.0451 0.462 0.0521 0.0530



Table 17 continued

SODIUM REMOVAL RATE (wt ^/minute)

Blowing time 
(minutes)

Fig. 78 Fig. 79 Fig. 82 Fig. 85 Fig. 85

0.5 0.0010 0.0022 - - O.OC57
1.0 0.0045 0.0112 0.0114 0.0077 0.0120
1.5 0.0126 0.0240 0.0110 0.0114 0.0169
2.0 0.0262 O.O46O 0.0205 0.0256 -
2.5 0.0565 - 0.0460 0.0576 0.0263
3.0 0.0404 0.0484 0.0555 0.0592 0.0239
3.5 0.0422 0.0529 0.0515 0.0567 0.0110
4.0 0,0384 0.0488 0.0474 0.0511 0.0059
4.5 0.0574 O.O588 0.0500 0.0297 0.0041
5.0 0.0262 O.OI89 - 0.0199 0.0033
5.5 0.0101 0.0125 0.0126 0.0031
6.0 0.0074 0.0110 - 0.0106 0.0033
6.5 - 0.0094 - 0.0106 0.0026
7.0 - 0.0094 - 0.0077 -



Table 18 - Tabulated results of model converter experiments
- foam volume

FOAM VOLUME (ml)

Blowing time 
(minutes)

Fig. 40 Fig. 41 Fig. 42 Fig. 45 Fig. 44 Fig. 45

0 250 250 250 250 250 250
0.5 300 300 300 300 300 300
1.0 350 400 500 400 450 350
1.5 450 500 600 550 550 500
2.0 550 550 650 600 650 550
I2* 5 650 550 600 600 650 600
3.0 600 600 600 600 650 650
5.5 600 500 600 600 650 650
4.0 600 500 600 600 600 700
4.5 600 500 600 550 600 700
5.0 600 500 600 500 600 700
5.5 600 500 550 475 500 650
6.0 600

..
500 500 450 500 650



Table 18 continued

FOAM VOLUME (ml)

Blowing time 
(minutes)

Fig. 46 Fig. 47 Fig. 48 Fig. 53 Fig. 54 Fig. 55

0 250 250 250 250 250 250
0.5 300 300 300 300 350 300
1.0 400 400 350 350 450 350
1.5 500 500 550 400 500 400
2.0 550 550 650 500 650 500
2.5 600 600 65O 500 650 500
3.0 600 600 650 500 550 500
3.5 600 550 600 500 550 500
4.0 550 500 600 500 550 500
4.5 500 500 600 450 550 400
5.0 500 450 500 450 550 400
5.5 450 400 450 450 500 400
6.0 450 400 450 ' 450 500 400



Table 18 continued

FOAM VOLUME (ml)

Blowing time 
(minutes)

Pig. 56 Pig. 57 Pig. 50 Pig. 62 Pig. 65

0 250 250 250 250 250
0.5 500 500 500 450 300
1.0 550 550 550 550 400
1.5 400 400 550 600 500
2.0 450 400 550 600 550
2.5 500 400 400 600 600
5.0 500 400 400 550 550
5.5 500 400 400 550 500
4.0 500 575 400 500 500
4.5 500 575 400 500 450
5.0 450 550 400 500 450
5-5 400 550 550 500 400
6.0 400 500 550 500 4C0



Table 18 continued

FOAM VOLUME (ml)
Blowing time 
(minutes)

Fig. 66 Fig. 67 Fig. 68 Fig. 74 Fig. 75

0 250 250 250 250 250
0-5 550 550 275 400 500

j l .O 400 490 525 550 400
1.5 450 500 525 600 550
2.0 500 500 575 650 550
2.5 500 500 575 650 600
5.0 500 500 575 650 600
5.5 500 500 575 600 550
4.0 500 500 550 600 500
4.5 500 500 550 600 500
5.0 500 450 550 600 450
5-5 450 400 550 550 400
6.0 400 400 550 500 400



Table 18 continued

FOAM VOLUME (ml)
Blowing time 
(minutes)

'

Fig. 78 Fig. 79 Fig. 82 Fig. 83 Fig. 85

0 250 250 250 250 250
0.5 350 350 400 300 400
1.0 450 550 500 450 500
1.5 600 700 600 600 500
2.0 700 700 650 600 550
2.5 700 700 650 600 550
5.0 700 700 650 550 550
3.5 650 650 650 550 450
4.0 600 600 65O 550 400
4.5 500 550 500 400 400
5.0 400 500 400 400 400
5.5 400 450 400 400 400*
6.0 400 400 400 400 400
6.5 400 400 400 400 400
7.0 400 400 400 400 400



Tabulated results of model converter experiments 
■ acid concentration and temperature in model slag.

HC1 concentration Temperature increase
(moles/l) (Hc)

Blowing time 
(minutes)

Fig. 50(a) Fig. 50(d) Fig. 51(a) Fig. 51(b)

0 0 0 0 0
1.0 0.42 0.74 6 11
2.0 - 1.48 11 25
2.5 0.87 - ~ -

5.0 - 2.20 17 34
4.0 1.25 2.77 23 45
5.0 1.43 3.09 28 51
6.0 1.58 5.26 31 56
7.0 1.69 - 33 59



Table 19 continued

EC1 concentration Temperature increase
(moles/l) (°0)

Blowing time 
(minutes)

Pig. 60(a) Pig. 60 (b) Pig. 6l(a) Pig. 6l(b)

0 0 0 0 0
0.5 - - 6 10
1.0 0.95 12 15
1-5 1.04 - 18 22
2.0 - 1.95 25 27
2.5 1.70 - 29 31
3.0 - 2.76 33 35
3.5 2.28 - 38 38
4.0 - 3.44 42 42
4.5 2.77 - 46 44
5.0 - 3.97 50 46
5.5 3.07 - 53 47
6.0 - 4.25 56 -
6.5 3.18 - 58 -
7.0 - - 59 —



Table 19 continued

HC1 concentration 
(moles/l)

Temperature increase
(°c )

Blowing time 
(minutes)

Fig. 63(a) Fig. 65(b) Fig. 64(a) Fig. 64(b)

0 0 0 0 0
0.75 - 0.75 - 7
1.0 0.88 - 12 -

1.75 - 1.49 - 16
2.0 1.69 - 23 -•
2.75 - 2.20 - 25
5.0 2.57 - 34 -
5.75 - 2.77 - 34
4.0 2.95 - 45 -
4.75 - 5.09 - 43
5.0 5.56 - 51 -

5-75 - 3.26 - 48
6.0 5.44 - 56 -

/



Table 19 continued

HOI eoncentratiQn 
(moles/i)

Temperature increase
(°c)

Blowing time 
(minutes)

Fig. 72(a) Fig. 72(b) Fig. 73(a) Fig. 73(b)

0 0 0 0 0
1.0 0.63 0.87 12 9

| 2.0 1.42 1.54 27 19
1 3.0 - 2.35 32 28
4.0 2.46 2.85 33 34
5.0 3.10 3.29 45 40
6.0 3*55 3.57 51 45
7.0 3.75 4.00 53 49



Table 19 continued

HCl concentration Temperature increase
(moles/l) * (°o)

Blowing time 
(minutes)

Fig. 76(a) Fig. 76(b) Fig. 77(a) Fig. 77(b)

0 0 0 0 0
1 0.75 0.75 11 11
2 1.48 1.23 23 25

i 3 2.20 2.13 34 35
4 2.76 2.63 45 42
5 3.09 - 51 48
6 3.26 3.65 56 51
7 - 3.93 59 53



Table 19 continued

HC1 concentration 
(mol/1)

Temperature increase
(°o)

Blowing time 
(minutes)

Pig. 80 Pig. 81

0 0 0
1.0 0.70 12
2.0 1.56 25
3.0 2.17 34
4.0 2.75 43
5.0 - 47
6.0 - 48
7.0 - 48

&


