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ABSTRACT 

Some practical and fundamental aspects of stream 

degassing of gas-saturated molten iron, involving the 

spontaneous nucleation and growth of gas bubbles in both 

smooth and rough nozzles were studied. 

Pure iron saturated with different gases at one 

atmosphere was discharged through nozzles, of different 

roughness and length-diameter ratios, into an evacuated 

chamber at low pressures down to 10
-3 

mmHg. 

The apparatus allowed inspection of the stream as 

it emerged from the nozzle. 	High speed cine photographs 

of the streams were taken. 	Because of the rather low 

discharge coefficients obtained, auxiliary experiments 

were carried out with oxygen saturated and degassed sil-

ver contained in alumina tube to permit a realistic 

correlation between the present work and the earlier 

model studies. 

Break-up of nitrogen saturated molten iron was limi-

ted by the combined effect of the low solubility and dif- 

fusivity of the gas in. the liquid. 	The break-up of 

hydrogen. saturated iron occurred readily to an extent 

depending on. the availability of suitably sized refrac-

tory pores for the spontaneous nucleation o has buf.Yol2s. 

The saturation. of the melt with various mixtures of 
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CO - CO
2 

posed major experimental problems arising from 

the chemical attack of the alumina materials. 

The Fe - C - 0 and Fe - N - S investigated indicated 

that the amount and nature of adsorbed species were very 

important for stream break-up to occur. 

The results demonstrate that in the rough nozzles 

the flow characteristics were too poor to be used as a 

basis for modelling flows in larger nozzles. 

Suggestions and recommendations for future work 

to circumvent the materials problems and to identify 

the current work with industrial practice are made. 
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CHAPTER 1. 	INTRODUCTION. 

The increasing demand for higher quality materials, 

at lower costs, poses a challenge to the process metal-

lurgist: the attainment of higher process efficiency 

through the unambiguous understanding of the sequence 

and specific role of the process parameters. 

Commercial application of large-scale liquid state 

vacuum treatment is almost exclusively limited to steel-

making. The vacuum degassing process of molten steel 

has shown popularity in the manufacture of 'killed steel' 

ingots for forging qualities where the normal hydrogen 

content of the steel would require prolonged heat treat-

ment to eliminate the danger of the formation of internal 

cracks that can occur up to several weeks after casting. 

The process is also employed for fully 'killed' bearing-

manufacturing qualities and for thick rolling stock. 

More recent applications include vacuum carbon deoXi-

dation of 'unkilled' steels so that when deoxidisers are 

subsequently added the quantity of nonmetallic inclusions 

formed is reduced. 

An up-to-date historical survey of the numerous pro-

posals, their developments, essential features and commer- 

cial applications was recently published (1). 	The prin- 

cipal degassing processes employed commercially in steel- 
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making include: 

(1) Circulation and vacuum lift degassing; 

(2) Ladle degassing; 

(3) Stream degassing. 

An insight into the relative importance of these 

processes in world vacuum degassing may be gained from 

the statistics given in Table 1.1 (2), (2a). 

Type No. of units Annual 
Capacity 

(105Kg) 

Undisclosed 5 	) 
) 2.07 

Ingot 6 	) 

Circulation and vacuum lift 36 37.63 

Ladle ' 67 28.66 

Stream 126 77.85 

Total 240 146.21 

Table 1.1 

RELATIVE IMPORTANCE OF THE MAJOR DEGASSING PROCESSES 

IN 1967. 
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It is a common knowledge that the amounts of 

hydrogen, nitrogen and oxygen found in vacuum stream 

degassed steels are all much in excess of the equili- 

brium quantities. 	Steel streams degassed at 0.1 mm- 

Hg-are known to contain ii, N, 0 that would be in equi-

librium with 1-5 mm Hg, 3-10 mm Hg. and 60-150 mm Hg. 

of H2, N2, CO respectively. 	Apart from the implied 

low process efficiency the process appears more effe-

ctive for hydrogen removal than for nitrogen removal 

and carbon deoxidation. 

The principal and common feature of all the variants 

of stream degassing process is the disintegration of the 

metal stream into fine droplets as it enters into an 

evacuated chamber. The finer the droplets, the greater 

is the overall surface area of metal exposed to vacuum, 

and the more efficient is the degassing process. 

The logical question isg  what parameters significant-

ly enhance the attainment of optimum stream disintegration? 

The roles played by nozzle characteristics and gas content 

of the molten iron are likely to be of particular impor-

tance. 

The main drawback of stream degassing process is the 

considerable heat loss during the process. 	This requires 

a high degree of charge superheat with attendant excessive 
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furnace wear and an increase in the likelihood of refrac- 

tory inclusions entering the steel. 	This is the main 

reason why the stream degassing processes have been 

falling in popularity recently. (la) 

One of the essential requirements for the acceptance 

of a research proposal is that the experimental con-

ditions must be controllable with a high degree of prel 

cision 	(3)-
3 
 as a result many university-based projects 

simulating high temperature industrial processes have 

been limited to room temperature model studies. 	In addi- 

tion, work at room temperature avoids the materials problems 

invariably accompanying high temperature studies. How-

ever many governments (4), industrial establishments, and 

their agencies have often criticised pure science research 

and model studies and are in favour of applied research 

projects closely identifiable with specific industrial 

problems. 

Richardson, Bradshaw and Warner (5) initiated the 

stream degassing project at Imperial College. 	Mizoguchi, 

Baxter and Robertson (6) have done further work. 	Of 

particular interest is the work of Mizoguchi on silver-

oxygen system with the molten metal contained either in 

'Nimonic 75' or 'Inconel 600'. 	He concentrated mainly 

on the measurement of flow rates and on the nucleation 

and growth of bubbles in the nozzle. 
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In the current work our objectives were twofold: 

(1) Using molten iron containing dissolved gases to 

follow up the model studies undertaken earlier to obtain 

a correlation and an assessment of their general applica-

bility, and 

(2) to concentrate on the break-up downstream of the 

nozzle exit in the vacuum chamber. 

The main emphasis was placed on the 'mission orien-

tated' attempts to establish a more realistic laboratory 

investigation of an industrial problem. 	The investiga- 

tions were to be confined mainly to the spontaneous nu-

cleation and growth of bubbles in refractory nozzles from 

dissoked gases. 

The thesis will contain a review of closely related 

previous work; in chapter three, theoretical background 

to thermodynamics and kinetics relevant to vacuum de-

gassing, bubble nucleation and growth will be summarised. 

Because of the decision to study the degassing of 

molten iron, it was necessary to design a special appara-

tus. The design and the philosophy on which it was 

based will be described in chapter four. 	Despite suc- 

cessful preliminary experiments, results obtained during 

the final phase of the programme were limited due to the 

experimental difficulties encountered - mainly resulting 
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from the attack of materials by molten/iron and crucible 

failure resulting from the poor thermal shock resistance 

of alumina. 	The experimental difficulties are also 

listed in chapter four. 

The results are contained in chapter five. 	Chapter 

six contains the analysis, interpretation and discussion 

of the results which are correlated with similar labora-

tory studies and relevant plant observations. Comments 

are made on the industrial significance and possible 

applications. Chapter seven contains a summary of the 

conclusions and recommendations and suggestions for future 

work. 

The appendices contain the raw data used for the 

calculation of discharge coefficient and all related 

parameters, the data on the kinetics of nitrogen and 

carbon monoxide bubble growth in molten iron in the 

vacuum chamber. Comments are made on the kinetics 

f iron melt saturation originally planned as part of 

the current programme. 
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C H-A P T E R 2 

REVIEW OF PREVIOUS WORK 

2.1 SOME RELATED LABORATORY STUDIES 

2.2 SOME RELATED INDUSTRIAL OBSERVATIONS. 
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CHAPTER 2. REVIEW OF PREVIOUS WORK. 

2.1 	Some Related Laboratory Studies. 

Warner (5) (5a) pioneered the current programme. 

His experiments involved the silver-oxygen and iron-

carbon-oxygen systems treated to various levels of 

saturation. The saturated molten metals were dis-

charged into a vacuum tank through a 5 mm diameter 

porous refractory nozzle in the case of experiments with. 

Molten iron and through a 2 mm diameter by 6 mm long cyl-

indrical 'Nimonic 75' nozzle in the case of silver. He 

observed the stream behaviour within a field 9-22 cm • 

downstream of the nozzle exit with a high speed cine- 

camera. 	A typical run consisted of about 2.3 kg. mild 

steel melted under argon in an alumina ,tube and pre-

treated by bubbling into the melt a gas mixture of car-

bon monoxide and carbon dioxide (10/1) at a flow rate of 

0.5 litres/minute for ten minutes. Warner found that 

explosive disintegration occurred at an initial tank pres- 

sure of 0.1-0.2 mm Hg. 	He reported no break-up of streams 

in experiments in which the same charge mass and compo-

sition was saturated for six minutes and below, and 

therefore concluded that a critical condition must exist 

for carbon. and oxygen concentrations in molten iron. before 

stream break-up could occur. 	The melt analysis (shown 
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0.00 0.00 0.0404 0.0419 
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Time since the com-
mencement of bub-
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0 

2 

6 
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in table 2.1) does not seem to justify this conclusion. 

There were a number of features of Warner's 

experiments which were unsatisfactory: the nozzle 

exit was not visible so that the initial mode of break-

up was not directly observed. The large change in 

stream behaviour between runs after 6 and 10 minutes 

was greater than expected from the C and 0 analyses. 

Furthermore it was unclear whether break-up was caused 

by entraintment of residual gas in the porous nozzle 

or by spontaneous bubble growth in the nozzle from the 

dissolved gas. 

Table 2.1  

TYPICAL ANALYSIS AND SATURATION LEVEL OF WARNER'S IRON 
MELT. 

Mass of charge 

Melted under 

Charge temperature 

Gas mixture (solute) 

Volumetric flow rate : 

2.27 kg• 

High purity argon 

1600°C 

CO/CO2  (10/1) 

0.5 litres/minute.  
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Warner showed that for silver saturated with oxygen at 

partial pressures greater than 0.2 atmosphere and flowing 

through nozzles of 1/d = 3 (Reynolds number, Re = 3000) 

break-up occurred at tank pressures of the order of 0.5 

tarn Hg. For pure oxygen-saturated silver flowing through 

the same nozzle he suggested that maximum disintegration 

of the stream did not necessarily occur at the lowest 

tank pressures and that break-up produced from a sharp-

edged nozzle was less violent than for streams from a 

parallel-sided nozzle. 

According to Warner only two of the many possibili-

ties of heterogeneous nucleation were feasible in his 

system: (1) Heterogeneous nucleation in pores and 

other cavities in the nozzle. The necessary condition 

for nucleation is that the bubble should not be carried 

along during its formation by the stream of molten metal 

before it reaches the critical size. 

(2) Heterogeneous nucleation on gas entrained 

in the nozzle. Warner argued in favour of the latter 

which could occur within the nozzle if metal streams 

trapped pockets of gas against the nozzle wall and dragged 

them into midstream by turbulence and other stream instab- 

ilities. 	They may subsequently grow by diffusion of gas 

from the surrounding liquid or collapse. He then pro- 
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posed a kinetic model of bubble nucleation and growth 

to interpret his observations. 

ASSUMPTIONS OF WARNER'S KINETIC MODEL. 

(a) A hemispherical gas embryo of radius r and pressure 

P equal to the vacuum tank pressure Pv. 

(b) That the bubble is suddenly entrained in the 

stream, and later grows by diffusion of gaseous species 

from the surrounding liquid into a spherical shape to 

form a stable nucleus. 

Using Boyle's law and combining this with the re-

lationship between pressure, surface tension and bubble 

radius we have: 

P vVv =P oV o 
	

= P
o 
 (4/31T r

o
3) 

P
o 	

= P
v 

+ 2 6Yr
o 

Assuming hemispherical cavities of radii 0.05, 0.01 cm 

Warner evaluated the radius and pressure inside the 

bubble in the stream for various initial cavity radius 

and chamber pressure. His calculations revealed that: 

(1) At low oxygen saturation (P02 = 0.05 'atm) the bubble 

nucleus from an entrained gas embryo was unstable. 

(2) At P
02
= 0.1 atathe nucleus was stable only at tank 

pressure close to 10 mm Hg. with embryo radius greater 

than 0.05 cm. 

(3) At higher oxygen saturation the nucleus from an 

2  1 

2  2 
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embryo greater than 0.05 cm•radius was always stable. 

However, at low tank pressures embryos of radius 0.01 

cm• were unstable. 

Baxter (6) followed up Warner's work on molten silver 

but modified the system to enable him to observe the 

nozzle exit, and used parallel-sided 'Nimonic 75' 

nozzles of 1/d ratios 2.3, 3.0, 6.0 and diameters 6.4, 

4.8 and 2.4 mm respectively. 	He studied the effects 

of oxygen levels in silver and tank pressure on the 

stream behaviour by taking high speed cine photographs. 

His classifications of the observed stream behaviours 

were: 

(1) With degassed silver, contracted single phase flow. 

(2) with air-saturated silver at tank pressures of 

about 1 Tura Hg; intermittent bubble growth within an 

essentially single phase flow. 

(3) with oxygen-saturated silver at pressures of about 

100 mm Hg and above; intermittent bubble growth within 

a single phase flow. 

(4) with oxygen-saturated silver at pressures of the 

order of 1 m. Hg; a violently disintegrated two-phase 

flow. 

laxter reported increased break-up with air-saturated 

silver flowing through nozzles of greater l/d ratios. 
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He did not confirm Warner's observation that maximum 

break-up occurred at intermediate chamber pressure. 

Diizoguchi(7)followeduo Baxter's work on molten sil-

ver. He investigated the behaviour of pure silver con-

taining various quantities of dissolved oxygen and dis-

charged at atmospheric pressure through rounded-entry 

'Nimonic 75' nozzles into a vacuum tank at various pres- 

sures. 	He employed two different types of nozzles of 

2.38, 4.76 mm diameter and 1/d ratios 5.33 and 2.67 res- 

pectively. 	Flow rates and static pressures of the 

stream within the nozzles were measured. He also made 

observations of the stream behaviour downstream of the 

nozzle using a high speed camera, and developed a theory 

correlating the static pressure, the volumetric ratio of 

gas to liquid, and mass flow rate to confirm choking. 

He finally estimated the volumetric ratio of the gas 

forming within the nozzle. 	The results of his work are 

summarised below. 

(1) 	The mass flow rate of the degassed silver 

(P
0 	

10
-3 atm) continuously increased when the total 

2 
 

pressure drop,APt  was increased by lowering the tank 

pressure at constant upstream pressure. 	The mass flow 

rate at any total pressure drop, 

	 2.3 
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P
a 

-1- e Lgh = upstream pressure 
P
v 
	= tank pressure. 

was found to be 91.5% of that predicted by Bernoulli 

equation. 	Observation of the stream in the vacuum 

chamber showed that the flow was single phase. Static 

pressure measurement in the nozzle revealed that pres-

sure at nozzle exit was very close to the chamber pres-

sure while that at the midpoint was about 40 mm Hg. higher 

than the chamber pressure, thereby suggesting frictional 

pressure drop downstream of the nozzle. 

(2) The mass flow rate obtained for air-saturated silver 

(P0 	
0.205 atm.) through a 4.76 mm diameter nozzle 

2 
 

was the same as of the degassed silver at chamber pressure 

Pv 
100 trim Hg. but was slightly reduced at Pv of 2-8 mm 

Hg. The stream exhibited intermittent bubble growth 

outside the nozzle exit only at chamber pressures of 10 

mm H& and below, suggesting a pronounced decrease in the 

rate of bubble nucleation. 

(3) Oxygen-saturated silver discharged through the 4.76 

mm diameter nozzle featured metastable single-phase beha-

viour at chamber pressure > 300 mm Hg. and the relation-

ship between mass flow rate and total pressure drop was 

the same as for degassed silver. 	At chamber pressure 
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200 mm Hg.the mass flow rate was independent of chamber 

pressure but was dependent on and increased with 

nozzle entry pressure. 	Observation of the stream 

showed homogeneous bubbly flow at chamber pressures 100 

mm Hg., i.e. the static pressure at the nozzle exit was 

higher than and independent of chamber pressure; for exam-

ple it remained at about 180 mm Hg.when the chamber pres-

sure was varied between 10 and 100 mm Hg. This confirmed 

that the flow was choked. 

Mizoguchi then postulated that nucleation mechanism 

was heterogeneous and occurred on nozzle wall cavities 

but that the growth was suppressed by viscous and in-

ertial effects. The observed bubble growth rate in the 

stream in the vacuum chamber was in conformity with Scriv-

en's parabolic law of diffusion-controlled growth at cham-

ber pressure of between 200 and 300 mm Hg. At much re-

duced chamber pressures bubble growth outside nozzle exit 

was considered too complex for analysis. 

Apart from applications to stream degassing in pro-

cess metallurgy, single and multi-phase flow systems at-

tract interests in other fields notably chemical and mech- 

anical 	

7 

 engineering. 	It is now generally believed that 

the flow of superheated liquids in tubes is annular and 

becomes choked whereas that of oxygen-saturated silver is 
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homogeneous bubbly flow. 

Eisenklam and Hooper (8) investigated and classified the 

behaviour of water jets, containing no dissolved gases, 

flowing through glass capillary tubes of different lid 

ratios, in terms of their Reynolds number: 

(1) For the range 400;?; 1/d 7 10 a glassy section was 

followed by axisymmetric break-up for Re -45.t.3000. 

(2) For 1/d >400, and 3000 4 Re 10,000, the flow 

either remained laminar or changed to turbulent. In the 

former case a glassy section was followed by the jet atom-

isation; in the latter a ruffled jet emerged without any 

atomisation. 

(3) At Re i 12,000 the flow was turbulent and jet dis-

integration was complete at the tube exit. 

(4) For lid { 10 1  and 3000 Re 4:z 1000 the flow was 

semi-turbulent with a characteristic flat velocity pro-

file and assymetric jet break-up supposedly due to air 

friction. 

Using 'Freon 11' saturated with its own vapour at 

ambient pressure and temperature hln. et al (9) investi-

gated the dependence of critical flow rate and flow 

regime on nozzle designs and pressure. 	Their results 

revealed that : 

(i) two-phase choked flow occurred at low downstream 
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pressures and 

(ii) high l/d ratios resulted in lower flow rates. 

They classified the flow regimes in terms of a 'modified 

cavitation number' Ca. where 

Ca 	= 2(1/d)(13  - Pv) PL/G
2 
  2.4 

for Ca < 9; metastable single phase flow 

for 9 < Ca < 15; unstable flow 

for 15 < Ca ; two phase choked flow. 

Charan (10) investigated the two-phase non-equili-

brium flow of dichlorodifluoromethane through a round-

entry nozzle and revealed that the flow was sensitive to 

nozzle design, particularly to orifice entry radius if 

not well rounded. He observed choking with lagged noz-

zles as lagging prevented heat transfer to the evaporating 

steam from the nozzle wall. With unlagged nozzles the 

results showed an increase in flow rate with decreasing 

downstream pressure because of the additional evaporation 

caused by heat transfer. 

Silver and Mitchell (11) investigated the critical 

behaviour of superheated water varying the downstream 

pressure between 0 and 25 psig, at constant upstream 

::ressur.,  of 30 	T1,.2 critical static pressure at 

the nozzle exit, measured with pressure tapping nozzle, 

agreed with theoretical predictions and was well above 
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and independent of the downstream pressure. 	Choking was 

confirmed when the downstream pressure was lowered at a 

constant upstream pressure. 

Simpson and Silver (12) considered the nucleation of 

vapour bubbles at a frequency determined in accordance 

with nucleation theory,an.d a growth rate determined by 

heat conduction in the liquid using Reiss and Frankel's 

heterogeneous nucleation theory for vapour nucleation in 

superheated liquids. They derived a parabolic growth 

equation which they combined with the momentum equation. 

The resulting theory predicted choking and also a large 

pressure gradient in the nozzle close to its exit. 

Fauske (13) investigated the critical two-phase flow 

in steam-water system. Using an annular flow model he 

developed a theory which predicted a relationship between 

critical mass flow rate and critical pressure in excellent 

agreement with experimental results. 

2.2 SOH RELATED INDUSTRIAL OBSERVATIONS  

Chedaille et al (14) observed violent expansion and 

splashing of vacuum-cast steel which led to ingot defects, 

as a result of which stream limiters made of refractory- 

lined cylinders were subsequently employed. 	They attri- 

buted the splashing to choking of the two-phase flow at 

the end of a convergent nozzle and that the gas bubbles at 
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a relatively high pressure at the nozzle exit expanded 

rapidly on flowing through the chamber. 

Inclusions were found in the ingot as a result of 

refractory particles falling flora the lining. 	To over- 

come the problems convergent-divergent nozzles were suc-

cessfully designed and employed (the design was based on 

the theory of two-phase flow (14) (I5))to obtain a grad-

ual pressure decrease within the divergent section of the 

nozzle and hence less vigorous splashing of metal stream.. 

Meadowcroft and Milbourne (16) injected argon into a 

stream of molten steel through porous nozzle walls in order 

to break away the deoxidation products which were blocking 

the nozzle during pouring into a continuous casting mould. 

They found a critical argon flow rate, for a given nozzle, 

above which splashing occurred and below which blocking 

of the nozzle by the deoxidation products occurred. The 

critical argon flow rate would correspond to when the 

static pressure of the stream at the nozzle exit reaches 

the ambient pressure. 	Above the critical flow rate the 

stream is choked and the static pressure of the stream 

exceeds atmospheric pressure causing stream splashing at 

the nozzle exit. 

Hornak and Orehoski (17) have also reported the two-

phase and splashing characteristics of molten steel in an 
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industrial plant. 

Turton (18) and Knaggs(19) have demonstrated the 

features, industrial operation and problems associated 

with typical stream degassing plants within the British 

Steel Corporation. 	A summary of the common refractory 

materials used in vacuum stream degassing plant is shown 

in table 2.2. 

In industrial practice the duration of steel stream 

fall is normally about one second to minimise heat losses 

by radiation. 	Sharp (20a) took high speed cine photo- 

graphs of a stream degassing process of an industrial 

plant and observed droplet formation from collapsing gas 

bubbles within the stream. 

The importance of drop size on degree of degassifi-

cation has been theoretically demonstrated by Richardson 

and Bradshaw (20b) who calculated the fraction of solutes 

removed as a function of droplet radius and fall duration 

as shown in table 2.3. 

In a similar exercise Hokansen (21) plotted graphs of 

total oxygen removed as a function of time and tank press- 

ure. 	These are shown in fig. 2.1. 
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FIG.2.1 PERCENTAGE DEGASSING ( OXYGEN REMOVAL) AGAINST 
DROPLET SIZE & TIME OF FALL FOR A DIFFUSION CONTROLLED 

PROCESS ( 21 ) 



SUndARY OF REFRACTORY USAGE IN INDUSTRIAL VACUUM STREAM DEGASSING PLANTS. (18) (19) (20) 

Type of 
process 

Maximum 
steel 
temp °C 

Furnace la- 
die (service 
conditions) 

REFRACTORIES USED Service 
conditions 

Receiver 

Ladle 
lining 

Stopper rod Nozzle Stream 
limiter 

ladle 
to 

ladle 

1700 high super- 
heat, slag 
cover 

standard 
fireclay 
bricks 
but life 
improved 
with 80% 
alumina 
brick 

fireclay, 
but diame- 
ter may be 
increased 
for im-
proved 
life 

unfired 
magnes- 
ite 

unfired 
magnes- 
ite 

turbulence 
of metal 

standard 
fireclay 
bricks 

ladle 
to 

mould 

1640 some super- 
heat, slag 
cover, pro- 
nounced wash 
line when 
topping up 
for large 
ingots 

bottom 
80% alu- 
mina 
bricks; 
upper 
wall 
standard 
fireclay 
bricks 

fireclay, 
but car- 
bon coa- 
ted fire- 
clay when 
topping 
up is 
required 

fired 
magnes- 
ite 

fired 
magnes- 
ite 

spreading 
stream 

dense 42% 
alumina 
bricks 
used in 
mould 
heads 

Table 2.2 
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Gas Drop 

(h ht) 

Time 	of 	fall (secs) 

2 1/2  
radius  

1 1 
_ * 

HIM  M/M_e_ 
ao 

* 
MIN[t * M/Mt 

H 1 0.70 0.85 0.66 0.80 

3 0.28 0.39 0.26 0.37 

N 1 0.19 0.26 0.17 0.23 

3 0.06 0.09 0.05 0.08 

0 1 0.19 0.26 0.19 0.26 

3 0.06 0.09 0.06 0.09 

- _ 

TABLE 2.3 

INFLUENCE OF TIME OF FALL AND DROP RADIUS ON LOSS OF 

H2' N2 AND 02  BY UNSTEADY STATE DIFFUSION. 

* M/Moo  is the fraction of gas removed in the given time 

to that which would be removed in infinite time. 

MiMt is the fraction of total solute removed from a 

steel containing originally: 

5 x 10-4 wt -% H, 4 x 10-3 wt-% N, 0.015 %C 

and 0.10%C. 
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CHAPTER 	3 

THEORETICAL BACKGROUND. 

3.1 	THERMODYNAMIC CONSIDERATIONS. 

3.1.1 Solubility of nitrogen and hydrogen in pure molten 
iron 

3.1.2 Dissolution of carbon and oxygen in pure molten iron. 

3.1.3 Effect of alloying elements on the solubility of 
gases in molten iron. 

3.2 	KINETIC CONSIDERATIONS. 

3.2.1 Various possible kinetic controlling steps. 

3.2.2 Mass transfer theories applicable to stirred melts. 

3.2.3 Gas saturation of iron melt. 

3.3. BUBBLE NUCLEATION 

3.4. 	BUBBLE GROWTH. 

3.5.1 Jets and drop formation 

3.5.2 Rayleigh break-up. 
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CHAPTER 3. THEORETICAL BACKGROUND. 

3.1. THERMODYNAMIC CONSIDERATIONS. 

3.1.1. Solubility of nitrogen and hydrogen in pure molten 
iron. 

The solubility of a diatomic gas in liquid metals is 

directly proportional to the square root of its partial 

pressure above the melt. Gaseous nitrogen and hydrogen 

exist as diatomic molecules and dissociate to form dilute 

solutions with liquid iron at steelmaking temperatures. 

The general equilibrium representation of hydrogen and ni-

trogen is of the form: 

() x2 	= [X] 	 3.1 

K
X 	= hX/PX 	 3.2 

2 
 

These solutions obey Henry's law and hence equ. 3.2 may 

be written as [wt-7.X] = Kx  P, 	3.3 

-2"2  At 1600°C K, 	= 4.5 x 10 wt-% / atm2  	3.4 

	

ILH = 2.7 x 10-3 wt-% / atm2  	3.5 

These values were obtained from references (22) and (22a). 

In liquid iron the temperature dependence of K
X 
and 

hence the solubility of nitrogen (22) and hydrogen (22a) 

at 1 atmosphere partial pressure is given by: 

log10  Ku  wt - % / atm2  = (-1670/T - 	1.68) 	.... 3.6 

'10 KN 
 wt 	% / atm2  = (-188.1/T - 	1.246) 	.. 3.7 

The temperature dependence of solubility is small, for ex-

ample between 1535 and 1700°C the solubility of hydrogen 

in pure iron at 1 atmosphere increases from 0.0025 to 

0.0030 wt-%. 
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3.1.2 Dissolution of carbon and oxygen in pure, molten 
iron. 

The equilibrium pressure of oxygen in oxygen-saturated 

liquid iron ranges between 10-6 and 10-4 mm Hg. between 

1535°C and 1650°C. 	This is too low for direct measure- 

ment, hence oxygen solubility in iron is experimentally 

varied and investigated using controlled mixtures of 

either CO - CO2 or H2 - H2O. 

It has been shown conclusively (23) that carbon and 

oxygen are each dissolved atomically and that the carbon-

oxygen reaction occurs by the reaction: 

C + 0 = CO at the gas/liquid interface. 

For the reactions between carbon and oxygen dissolved in 

liquid iron at sufficiently low concentrations of both 

species Henrian activities of carbon and oxygen are con-

sidered: 

C 	+ 	0 	= 	CO 3.8 

CO + 	0 	= 	CO2 
3.9 

CO2+ 	C 	= 	2C0 3.10 

the addition of equ. 3.9 and 3.10 yields equ. 3.8. 

K(3.9) 	= 	P 	/P 	.h CO
2 

	CO  .h0  3.11 

AG° (3.9) cals/mole = 	-38,050 + 20.72T .... 3.12 

2 
K(3.10) 	= 	P CO/PCO2'hC 

3.13 
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AG°(3.10) cals/mole = 34,500 - 31.07T  	3.14 

K(3.8) = P 	/h h CO 	0 C 

= K(3.9) 	K(3.10) 

	

 	3.15 

At 1600°C 

K(3.9) 	(wt-70-1  = 0.8126  	3.16 

K(3.10) 	atm/wt-% = 580.546 	 3.17 

Hence 

• K(3.8) atmAt-102  = 471.75 	 3.18 

h0 	(wt-%) = P 	/P 	.K(3.9) CO2 	CO 

	

 	3.19 

hc 	(wt..%) = P2C0 /P 	.K(3.10) 	 CO2 
3.20 

Values of h0 and hc for some CO - CO2 mixtures are 

shown in table 3.1. 	The equilibrium constant [wt-%C x 

wt-%0]/PCO  atm, has the value of 0.002 at 1600°C when 

the carbon concentration is less than 0.20 wt-% (24). 

3.13. The effect of alloying elements on the activit 

coefficient of gases in iron. 

Alloying elements affect the activity coefficient 

of gases in- iron• Values of interaction coefficient, eY 
X 

in liquid Fe - x y alloys are available in standard 

texts (22b) (22c). 	The interaction coefficient el
x 
= 

'D(logiof,c)/ 2(wt-70y), and gives the variation of 

activity coefficient of x with respect to additions of y. 
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Vol - % 
- b0 

h
c - 

b
C 
 /h
0  

(h
C 
 /h
0 
 )(D

C 
 /D
0 

 ) 

CO CO2 (we. %) (we. %) - — 

99 1.0 0.0124 0.169 13.582 38.233 

98 2.0 0.025 0.083 3.294 9.273 

96 4.0 0.051 0.040 0.774 2.179 

94 6.0 0.079 0.025 0.323 0.909 

92 8.0 0.107 0.018 0.168 0.473 

90 10.0 0.137 0.014 0.102 0.287 

85 15.0 0.217 0.008 0.038 0.107 

Table 3.1 

HENRIAN ACTIVITIES OF SOME CO - CO2 
MIXTURES IN MOLTEN 

IRON AT 1600°C. 
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These can be used to predict the solubility of gases 

in more complex alloys under any partial pressure. 

If both simple and complex alloys are under the same 

partial pressure of gas the activities will be the same 

and as they obey Henry's law, these can be represented as 

shown below: 

	

hx = [wt-7.x] in pure iron   3.21 

	

h
x 

= [wt-%x] f
x 
in iron alloy   3.22 

	

where fx = fxx.fYx . . . f
i
x 
  3.23 

for an Fe - x - y   solution. 

For example, for iron with a typical analysis given 

below (the type used in the current investigation) 

Impurities: C Si Mn P S Cr Ni Cu 

wt-% : .03 	.01 	.12 	.005 	.01 	.005 	.005 .01 

fm  = 1.05, fH  = 1.005 

and so the influence of the alloying elements on activity 

is negligible. 

3.2 KINETIC CONSIDERATIONS. 

3.2.0 Various Possible Kinetic controlling steps. 

The transition of a dissolved gas from a liquid metal 

to the gas phase comprises a number of consecutive steps, 

the.slowest of which determines the overall process rate. 

(Fig.3.l shows a schematic representation of typical modes of 

rate controlling steps in a gas desorption proceSs.) 
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These steps include: 

(i) convective transport of atoms from the bulk towards 

a zone near the surface. 

(ii) transport from the zone by diffusion and convection 

to the surface. 

(iii) transition of the gas atoms from the dissolved to 

the adsorbed state at the interface. 

(iv) chemical reaction of gas atoms in the adsorbed 

layer. 

(v) desorption of gas molecules from the surface. 

(vi) diffusion of gas molecules into the surrounding 

space. 

In the stream degassing process another important step 

may be the 

(vii) removal of bulk gas from the chamber by the 

pumping system. 

For gas bubble-liquid metal reactions the control-

ling mechanism may be any, or a combination of: 

(i) gas diffusion within the bubble as in the decarburi-

sation of steel with oxygen or carbon dioxide. 

(ii) saturation of the bubble with the reaction products 

as in steel dehydrogenation by argon purging. 

(iii) mass transfer through the liquid boundary layer at 
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the gas-metal interface, for example, carbon deoxidation 

by argon. purging. 

(iv) chemical reaction at the gas-metal interface as in 

the nitrogenation. of steel at high oxygen activities. 

Several examples are available showing where each 

of these steps may be rate determining: 

liecarburisation of liquid iron at 1700°C at very low 

carbon concentrations is believed to be chemically con-

trolled.(25) 

Richardson and Bradshaw have suggested that when 

reaction at a gas-metal interface involves a change in 

atomicity as in the evolution of H2, N2 
and CO the chemi-

cal step may be rate determining at low solute concentra-

tions (20b). 

It is currently believed that the transfer of oxygen gas 

from large rising bubbles into molten. silver at 900°C is 

liquid transport controlled (20b) and that transfer of 

carbon (1-4%) out of an inductively stirred drop of-

liquid iron into CO2  by the reaction 

[C] 	[CO2] 	= 	2C0 	 3  25 

is controlled by transport in the gas phase (26). 

Where two reacting species are involved, as for 

carbon. deoxidation, the transport of the species in 

smaller concentration becomes rate controlling. 	Gas 



P 
c P 

A S c 
Licieu_id phase controlled • 

P 

P 	

Xb....= X s 	, 

I 

I 	I 

A S c 

A C 

C p 	

Xi,:  X5  1 	P = P 

1 

	

I 	I 
I, 
A cl  

Mixed 'et-cl.nsprt Contr-oil QC! 

F 	5-1 

5ci-i ENt ATI c REPRESENTATION OF VARIOUS.  

MODES OF RATE CONTROL STEPS 

IN GAS DESORPTION 

GE.c=. Fhac  control ied 

I te-rfaCe Controlled 

57 

C. or P 

A e, c. 
I 	I 

-I. 	1  
1 P s p 

I 
1 	e 	s 

I 
A' (51  cf 



58 

phase transport is not likely to be slow under conditions 

of low pressure, high temperatures, large temperature 

gradients and continuous removal of gas - all featuring 

in vacuum degassing processes. 

3.2.1. 	Theories of convective mass transfer at a 
gas-metal interface of a stirred melt. 

The hydrodynamic theories discussed in the following 

section consider flow characteristics adjacent to inter-

faces and assume that the bulk of the liquid phase is 

well stirred either mechanically, electromagnetically 

or by natural convection. 	Each then predicts the mass 

transfer coefficient, kLi  as a means of estimating the 

rate of approach to equilibrium conditions. 	The mass 

transfer coefficient relates the flux density to the 

driving force. 	In the normal case the mass transfer 

coefficient remains constant during the mass transfer 

process. 

All the flux equations for the evolution of gaseous 

species from the surface of a stirred melt controlled in 

the liquid phase are of the form: 

	

dn/dt = kLA (C.b7Ce.    3.26 

where k_ varies according to the model applied. Many 

models have been developed, each with specific areas 

of validity. 



59 

(i) Film Theory. 

The main feature of the film theory is that convec-

tive stirring keeps the bulk concentration of the melt 

uniform except at a thin static boundary layer of thick-

ness S in which the concentration decreases linearly from 
C
b 

to Cs. 

The main disadvantage of the model is the difficulty 

associated with estimating the values of g . 	King (27) 

suggested that g is a function of diffusion coefficient 

and the degree of convective stirring, being larger for 

larger values of D and smaller for high flow velocity of 

convective currents past the boundary. Riddiford (28) 

also suggested that Dig has an exponential dependence 

on temperature. 	Based on the film theory the mass trans- 

fer coefficient,ki,  is given by: 

	

kL = D/S  
 3.27 
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(ii) Danckwert's Surface Renewal Model (29) 

The model rejects the presence of a thin static 

boundary layer in favour of a non-restrictive, total 

turbulence. 	It is assumed that the gas-liquid inter- 

face contains small liquid elements, which are continu-

ously brought up to the surface from the bulk liquid 

by eddies. Mass transfer out of the eddies occurs 

by unsteady molecular diffusion; when it arrives at the 

surface, each fluid element is considered to have a 

concentration equal to that within the bulk system. 

The life time at the surface for a liquid element is 

given by: 

	

t = d/v   3.28 

where d is the length of the contacting surface and v is 

the velocity of the fluid element going to the surface. 

A parameter, S, the fractional rate of random surface 

renewal is introduced and the mass transfer coefficient 

is given by 

kL 	(Ds)   3.29 

and 1/S is a measure of the average life time of surface 

elements. 

For stirred cells 'Kt  values lie in the range 10
-1 

and 10
-4 cm/sec.depending on stirring conditions and the 

presence of surface active agents at the interface (30). 
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Gas ( CS) = Ce 

Melt (C) = C
b 

SCHEMATIC REPRESENTATION OF DANCKWERT'S SURFACE RENEWAL 
MODEL. 

Fig. 3.2. 

(iii) Kraus Natural Convection Model (21a)  

The Kraus model also rejects the static boundary 

layer and proposes a situation where natural convection 

currents, caused by density differential as a result of 

radiation heat losses from gas-metal interface, accom-

plish surface replenishment with fluid "pockets" from 

the bulk. 	The pocket then travels a distance (A) with 

a velocity (v) parallel to the surface discharging its 

contents by unsteady state diffusion. 	Essentially the 

model assumes that convection arises only from density 

differences and that flow at the surface is friction free. 

The mass transfer coefficient is given by: 

k
L = 	(Dv/A )2   3.30 
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Kraus derived an expression relating v and X to funda-

mental quantities: 

A/v 	= 	(1)Cp/gXq)-2    3.30a 

where ? , Cp, X, 	are are the density, specific heat, 

coefficient of thermal expansion and kinematic viscosity 

respectively of the melt; g and q are the acceleration 

due to gravity and upward heat flow density at the free 

surface respectively. 

Typical values of kL  for diffusing species in molten 

iron for a friction-free surface are of the order of 

0.025 cm/sec, and could be as low as 0.004 cm/sec for 

one with a contaminated surface (20c). 	The slowing- 

down in the latter case may be attributed to the fo=- 

ti on of a diffu3ioa barrier at the melt surface resulting 

in an increase in surface eluilibrium concentration. This 

effect has been detected as a hindrance to the mass trans-

port of nitrogen in liquid iron (21b) (21c). 

Surface 
layer •■••••■•■■•■. 

SCHEMATIC REPaES=ATION OF CONCEPT Of LIFE TIME. 

Fig. 3.3. 
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(iv) Machlin Rigid Flow Model. 

The model is applicable only to induction-stirred, 

cylindrical melts or those with similar forced convection 

flow. 	Interaction between eddy currents induced in the 

melt and the medium frequency field of an induction coil 

produces flow lines with negligible flow velocity gradient 

normal to the surface and in a direction radially outwards 

from the centre. 	Thus an element appears in the centre, 

discharges its contents by diffusion as it flows across 

the surface, and is then mixed into the bulk at the wall. 

The thickness of the diffusion boundary layer is assumed 

to be materially thinner than the depth of flow. 	The 

model predicts 

2(20v/ -Tr rc) 	 3.31 

where v is the flow velocity at the crucible wall, 

the diffusion coefficient, r, the crucible radius)  

D and v are the only unknown var- 

iables. 

A common feature of the Danckwerts, Kraus and Mach-

lin models is the rejection of a thin static boundary 

layer and a concept of life time - the average time spent 

by a fluid element at the surface of the liquid. They 

assume a surface layer within which flow velocity is 

constant with depth and parallel to the surface. 	The 
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Kraus convection model allows a more accurate estimation 

of mass transfer coefficient on the basis of the system 

parameters and is valid for a melt stirred by natural 

convection currents caused by heat losses from the surface. 

The validity of the different models for a particu-

lar process can be tested by measuring the dependence 

of the rate on diffusivity. For example in stirred 

liquids kL  is frequently proportional to D-  which supports 

the surface renewal type models. 

3.2.2 Gas Saturation of Iron. Melt. 

Assuming that the rate of nitrogen pick-up for iron 

is controlled by mass transfer in the liquid phase boun-

dary layer an overall mass balance gives 

kLA(Cs - Cb) 	= VdCb/dt   3,32 

thus dCb  /(Cs  - Cb  ) 
	= (1c.LA/V)dt   3.33 

integrating equ. 3.33 

ln(Cs 	Cb) 	
= kLAVV J.- constant.. 3.34 

when t = 0, Cb = 0, the constant in equ. 3.34 becomes 

-1nCs 

therefore--ln(1 - Cb/Cs) 	= kL  At/V   3.35 - 

	

therefore t = -[V/(kLA)][1n(1-Cb/Cs)]   3.36 

= -[2.303V/(ttA)][log(1-Cb/Cs)] 	 3.37 
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where t is the time required to attain Cb/CS  degree of 

equilibrium saturation. 

A graph of log(1 - Cb/Cs) against time, t would 

give a slope given by 

	

- kLA/2.303V   3.38 

The only unknown factors in equ. 3.38 for gas 

bubbles-agitated liquid would be the effective area, A. 

Once the right hand side of equ. 3.38 is known, 

say for the nitrogenation of molten iron, standardising 

the bubbling procedure, mass of charge, crucible dimensions, 

and melt temperature, it should be possible to estimate 

the times required to attain various levels of equili-

brium saturation for the dissolution of other gases in 

molten iron if their diffusivities are known since, 

essentially, 

kL /kL 	
(D1/D2)2    3.38a 

(1) (2) 

3.3(a). HOMOGENEOUS NUCLEATION. 

It has been shown by many workers (2), (5), (6) and 

(7), that bubbles are nucleated in the nozzle and that 

gas-liquid two-phase flow emerges from the nozzle when a 

gas-saturated liquid is discharged under certain conditions. 

For a bubble in a solution of its own gas to be stable 
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Pb  = Pa  + eLgh + 2 0--  /r.* = Pb    3.39 

for 	r > r*, Pb< P
b 

and the dissolved gaseous species will diffuse into the 

bubble and it will grow. 

The embryo bubbles for which r < r* are all uns-

table and exist only by virtue of local fluctuations in 

free energy throughout the liquid. The main problem 

is to calculate the number of bubbles of critical size 

present in the liquid and the rate at which they become 

stable under specified conditions. 

The equation given below has been developed for 

the rate of spontaneous production of bubbles of dis-

solved gas above the critical size in a supersaturated 

liquid. 

J = z p*A*N exp. (-AF*/KT   3.40 

where J = number of bubbles formed per unit volume per 
sec. 

2E= non-equilibrium factor 

R* = rate of gain of a molecule by the bubble of 
critical size 

A* = area of bubble of critical size 

N = total number of atoms per unit volume 

For nucleation to occur significantly J must be greater 

than 1 bubble cm
-3  sec

-1 
 . 

Bradshaw (31) applied equ. 3.40 to hydrogen bubble 
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formation in molten steel and calculated that the de-

gree of supersaturation required for a substantial rate 

• 
of nucleation was of the order of 104 atmospheres. He 

also considered the homogeneous nucleation of hydrogen, 

nitrogen and also CO gas in molten steel exposed to 

vacuum and concluded that homogeneous nucleation was very 

improbable. 	Since the contact angle of molten steel in 

real systems was of the order of 100 	150° Bradshaw 

concluded that even the presence of a flat substrate 

would only allow comparatively minor reductions in the 
s4& -  

degree ofAsaturation required for homogeneous nucleation. 

However, other workers have shown that apparently 

homogeneous nucleation of gas bubbles can occur in levi-

tated iron droplets with gas supersaturation of the order 

of 10 atm. (25)(32) 	It would appear therefore, that 

nucleation of gas bubbles under industrial steelmaking 

conditions is possible, and that the basis of the deri- 

vation of equ. 3.40 is not valid. 	Typical oxygen and 

nitrogen contents of industrial steels are shown in table 

3.2. 
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OXYGEN CONTENT NITROGEN CONTENT 

Before after Before after 

degassing degassinc,  
(10 	wt%) (10 3wt%) 

10.2 6.5 9.2 7.1 

9.5 4.6 8.1 7.4 

7.3 2.8 6.8 6.2 

9.4 4.7 6.4 6.3 

10.0 5.3 7.6 6.5 

11.2 5.0 9.4 7.3 

7.6 3.6 7.2 6.8 

Table 3.2 

OXYGEN AND NITROGEN CONTENTS OF TYPICAL INDUSTRIAL 
STEELS 	BEFORE AND AFTER DEGASSING (33) 

The carbon-oxygen level at which boiling ceases 

has been investigated in a ladle degassing unit by 

Kraus (21a) who obtained for the minimum carbon and 

oxygen levels capable of supporting a bubble: 

	

K(3.9)hcho  = 'CO Pa + 1-11I6  
 3.41 

Bennett (34) has observed the cessation of CO boil 

at [C] = 0.2, [0] = 8 x 10-4  wt-%. 
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3.3(b). HETEROGENEOUS NUCLEATION. 

For nucleation to occur readily at a solid boun-

dary, the adhesion between the liquid and solid must 

be a minimum. 	This implies large values of contact 

angle, 8 

Bradshaw considered the effect of small cavities 

on solid surfaces and suggested that a cavity of 10
-3 

cm. radius would serve as a nucleation site in the molten 

steel system at a moderate degree of supersaturation of 

the order of 1/2-  - 2 atm if the contact angles were less 

than 90°. 	With higher contact angles, lowering of the 

supersaturation required will occur and in addition 

will reduce the probability of the liquid filling the - 

cavity completely. 	Furthermore the proposed nucle- 

ation mechanism would work endlessly if the bottom of 

the cavity was so sharp that a small gas embryo would 

always be left in the cavity, after releasing each 

bubble nucleus, to spark off the subsequent ones. 

The sequence of nucleation in a right angle 

conical-shaped cavity based on the above postulate is 

shown in Figure 3.4. 



STREAM 

R --H 

rc= Rc 
Critical stage 

r>Rc  

( a ) 	 ( b ) 
	

(c) 	 ( d 

FIG.3.4- SEQUENCE OF NUCLEATION ON A CAVITY ON NOZZLE WALL (contact angle 0=90°) 
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Delve and his coworkers (25a) attributed the filling of 

refractory pores with slag in a Dortmond-H8rder degas-

sing unit to pronounced decrease in the observed de-

gassing rate. 

In an oxygen saturated silver melt flowing through 

a 'Nimonic 75' nozzle Mizoguchi et al (7 ) showed that 

stream break-up is also dependent on the level of oxy-

gen in silver and have discussed the important factors 

limiting the rate of bubble growth. These include: 

(i) Diffusion of solute elements in the liquid 

(ii)- Chemical kinetics at the phase boundary 

(iii) Surface tension 

(iv) Viscosity 

(v) Solubility of gas in the liquid 

(vi) The pressure of the chamber into which the stream is 

discharged. 

Davies et al.(35) investigated the potential of 

refractory surfaces to facilitate carbon monoxide growth 

in relation to surface porosity. 	They suggested that 

significant surface porosity was a prerequisite and caused 

bubble nucleation provided the refractory material was un-

reactive to the melt, and the surface tension of the melt 

did not favour cavities being filled with molten metal. 

They suggested that pores with radii satisfying the rela- 
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tionship: 

2 6/[PC0-(Pa 	eLgh)] 	rpore 	- 
2
6-
cos6AP

a + PLgh)  

	 3.42 

are theoretically suitable for bubble lukat.The 
ivtucte-att'a,  

limitsAsuggested by equ. 3.42 will only hold if the bubble 

does not spread before becoming hemispherical. 	Further- 

more the situation in practice will be more complicated 

since cavities do not have simple and regular geometric 

configurations. 

The composition of their refractories is shown in table 

3.3. 

The available pore sizes for boil initiation calcu-

lated from pressure drops and expression for minimum 

value of cavity radius to sustain growth: 

	

r
min 

= 2 
6-
/D

CO 
 - (P

a 
 + p

Lg  
 3.43 

lie in the range 0.025 - 0.045 mm. 	They showed that 

this range is theoretically useful for contact angles 

ti 140°. The boil was observed to start from a 

calculated pore size of 0.04 mm with isolated bubbles 

from 0.08 mm diameter pores. This agreed with the 

measured pore sizes. 	They observed that the high 

silica content of group C materials rendered them highly 

chemically reactive and a slag was formed between silica, 

iron and dissolved oxygen. This was normally much more wet- 



Group 
& No. 

COMPOSITION OF REFRACTORIES 	wt-% mean pressure 
drop to ini- 
tiate a boil 
mmHg. 

measured 
pore size 

mm, 11g0 Cr203 Al203 SiO2 

Al 

A2 

A3 

B1 

B2 

Cl 

C2 

63.7 

48.4 

94.7 

0.2 

- 

0.2 

44.5 

11.8 

20.4 

- 

- 

- 

- 

- 

10.4 

18.3 

0.05 

84.3 

84.5 

61.0 

- 

1.9 

3.0 

1.65 

11.5 

12.0 

32.1 

50.0 

424-+  36 

455-
+34 

 446-+  6 

604-+42 

623-+25 

700 

700 

0.1 -0.01 

0.1 -0.01 
majority at 

0.05 

0.1 -0.01 
majority at 

0.05 
r4 0.03;  r, 0.1 

0.06 -0.01 

High silica  content rendered 
refractories re-
active. Liquid 
slag formed. 

PROPERTIES OC TYPICAL REFRACTORIES USED FOR THE INVESTIGATION OF THE SIGNIFICANCE OF PORE STRUCTURE 
ON BUBBLE GROWTH. 	(After Davies et al.) 	(35) 

TABLE 3.3. 
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ting than iron and thus filled the pores which would 

normally be available for bubble ilut-6144... . 

3.4. BUBBLE GROWN. 

Scriven (36) considered the 	maJjtransfer 

controlled growth of a single spherical bubble, 

neglecting the effects of liquid viscosity, inertia and 

surface tension.He arrived at the following solutions: 

	

r = 2p(Dt);1    3.44 

p f(p) 

= (1911?0)[(cb 	csat)/(1 - 
csaL.    3.45 

	

E = (1 - /0g/ f L )   3.46 

He showed that in the case where pg 	P 

was equal to 

Gale (37) studied experimentally the growth of 

artificially-nucleated, isolated CO
2 
and nitrogen bubbles 

in viscous dimethyl siloxane and classified their growth 

into three distinctive stages: 

(i) a retarded slow growth stage attributable to sur-

face tension, viscosity and inertial effects. 

(ii) a second stage in accordance with Scriven parabolic 

growth theory. 

(iii) a third stage with accelerated growth rate as the 

bubbles moved away from their point of formation. 

Uosner and Epstein (38) theoretically analysed the 
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effect of surface tension and initial bubble size on the 

growth of isolated gas bubbles controlled by diffusion 

and/or chemical kinetics under the following assumptions: 

(a) mean values for the physical properties of liquid 

(b) negligible viscous and inertial effects 

(c) reversible nth order ex-solution kinetics. 

They derived relationships between dimensionless bubble 

radius (r/r0 
 ) and dimensionless growth time (T) for 

given dimensionless surface tension ( ) for a 

(i) diffusion controlled growth and 

(ii) chemical kinetic controlled growth. 

In the case of large supersaturation simplified 

solutions were obtained and these are given below: 

(a) chemical kinetic controlled growth (second order). 

= r/r0  - 1 + 1E.1n(r/r0) 	3.46(a) 

where 	= ( P iled k C2b  t/r0 	3.46(b) 

= 2.6"/PLro 	 3.49 

(b) diffusion controlled growth 

= (r/r0)2  - 1 + 10 .15,-. (r/r0-1)-2(1 
9 

(1-rO/r) 	4/3 	
2. in fr 

/1'0. 	2/3...(1+)(1 - r0 /r2)  . 
	 3.46(c) 

where 2 = 4D( (° L/e 8) 2 	,r  
02)(1 	

B) 	 3.47  

-B = (C17 	Cb)/(1 - Cb)   3.48 

= 2 r/PLro    3.49 
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The resulting graphs (figure 3.5) illustrate 

the effect of surface tension on the initial bubble 

growth rate for diffusion controlled growth and show 

how the limiting case approached Scriven's parabolic 

growth law. 

Fig. 3.5(a) illustrates the actual growth of 

a spherical bubble and the departure from the 

parabolic law at the beginning. 

3.5.1 	Jet and Drop Formation. 

The variety of flows obtainable in chemical 

engineering processes may be demonstrated by the 

flow patterns in a vertical tube evaporator which 

consists of vapour, drops, annular, slug, bubbly, 

liquid flows and their combinations. 	In 

certain cases flow regime changes are attributed 

to instabilities arising from wave amplification 

which may propagate continuous or discontinuous 

changes. 

A bubbly flow pattern is characterised by 

a suspension of discrete bubbles in a continuous 



( eqt. 3.46 c ) ( eqt. 3.46a ) 
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liquid; the regime may vary from an isolated bubble 

to quasi-continuum flow of a foam; invariably inter-

action between surface tension,viscosity, inertia 

and buoyancy have pronounced effects on bubble 

shapes and trajectories. 

3.5.2. Rayleigh Jet Break-up  

The visual changes that occur as the flow rate 

of a single phase liquid through a nozzle is increased 

havebeen investigated (39). At low flow rates, drops form 

individually at the nozzle tip and grow in size until 

the buoyancy force overcomes surface tension and the drop 

is released. 	At increased flow rate a point in reached - 

jetting point - where a very short continuous liquid neck 

exits between the nozzle tip and point of drop detachment. 

Further increase in flow rates rapidly lengthens the jet 

which appears as a smooth column of liquid with occasional 

transient lumps called RAYLEIGH JET which finally appears 

ruffled at its outer end with less uniformity than at the 

earlier stage; this occurs at or near the maximum length 

of jet corresponding to the critical liquid flow rate above 
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which the jet length decreases again until jet break-up 

retreats again to the nozzle tip and atomisation occurs. 

Liquid flow rate 

FIG • 3 	- 
FLOW REGIMES OF JETS (After Richardson. and Merrington)(.40) 

Rayleigh (41), (42) and (43) considered the col-

lapse of a non-viscous, irrotational liquid jet and 

showed that a small axisymmetric disturbance of amplitude 

equal to one half diameter of the undisturbed liquid jet 

would cause a break-up. 	The above description will be 

appropriate for the situation where stream break-up occurs 

in the absence of bubble nucleation and growth. 
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CHAPTER 4. 

EXPERIMENTAL METHOD. 

4.1 DESIGN OF APPARATUS 

The earlier stage of the programme was devoted to 

formulation of a design and proposals for preliminary 

experiments to assess the suitability and limitations 

of the components of the final apparatus. 

The optimum requirements of the final system inclu- 

ded: 

1. A crucible with adequate refractoriness, high 

temperature strength and chemical inertness to molten 

iron at 1600°C both under reducing and oxidising condi-

tions. 

2. Since the crucible would have to be movable so 

that it could be held inside a high frequency coil for 

melting, and swiftly lowered below the coil to photograph 

the stream from the nozzle exit, good resistance to ther- 

mal shock was essential. 	A lever- or push button-opera- 

ted pneumatic system, with adequate flow regulators was 

also required for precise and quick positioning of the 

crucible. 

3. The stream behaviour was presumed to be dependent 

on the geometry and surface properties of the nozzle. 

For meaningful comparisons to be made between different 
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runs the consistency of the properties of nozzle materials 

would have to be guaranteed. 

4. In the event of a forced choice of material with 

poor resistance to thermal shock - in which case a cam-

paign would last several hours - flexibility was required 

such that a number of runs would be possible per heat. 

In addition the same apparatus should be suitable or adap-

table for investigating the behaviour of other gas-satura-

ted molten metals such as silver. 

5. In order to heat the small refractory alumina cru-

cibles used slowly and evenly and to provide adequate 

coupling with the induction coil it was necessary to use 

a separate susceptor..  

6. A controlled atmosphere was required, and hence the 

system had to be gas-tight. 	Tank pressures down to 10
-3 

mmHg• were contemplated since this was the pressure range 

of commercial interest. 

7. Measurement of stream flow duration was necessary to 

characterise quantitatively its behaviour. 	The time 

measuring technique used previously by Nizoguchi (7) was 

based on the electrical conductivity of the probes, molten 

silver and crucible used. 	In the case of a ceramic cru- 

dible another device based on a different principle was 

required. 
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4.2 APPARATUS 

4.2.1 FURNACE AND VACUUM EQUIPMENT 

The basic melting and vacuum facility consisted of 

a vacuum melting and casting unit (type IM 28 lb) with a 

400 volt, 3000 Hertz, 50 kilowatt power supply. 	At the 

side of the unit was a window for observing the interior 

of the furnace. The vacuum pumping equipment consisted 

of an oil vapour booster pump (Type 9B3) capable of an 

ultimate vacuum of the order of 10-4 mmHg. and backed by 

a rotary pump, type GKS47. 

4.2.2 GENERAL 

The apparatus used for the steel experiments was 

based on the experience gained separately by Warner (5), 

Baxter (6) and Mizoguchi (7). Major modifications were 

made in the light of the factors ennumerated in Section 

4.1. 

The high refractoriness and chemical inertness re-

quired of a container for molten iron, combined with costs 

and other supply criteria made the final choice of thermal 

recrystallised alumina inevitable. 	The less refractory 

materials tested during the preliminary trials included 

'Pythagoras 1800' and mullite and were all found to be 

inadequate. Fig. 4.1 shows a 'Pythagoras 1800' tube that 
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failed at 1450°C when the wall (3mm thick) was subjected 

to a pressure differential of one atmosphere. 

A separate susceptor was required between the 

induction furnace and crucible. Hence the iron charge 

was contained in high purity thermal recrystallised alu-

mina tube located inside a graphite susceptor by .a water-

cooled brass holder (Fig. 4.2) which, in turn, was po-

sitioned on top of an arrangement incorporating a pneu-

matic-powered and lever-operated bellows (Fig. 4.3) for 

quick and precise positioning of the charge container. 

A schematic diagram of the overall apparatus is shown in 

Fig. 4.4. 

4.2.3 PNEUMATIC SYSTEM 

The pneumatic circuit is shown in Fig. 4.5 and con-

sisted of two-port valves for stopping a cylinder in 

midstroke, and locking it in position. 	Two flow regula- 

tors were linked to each cylinder for adjusting the speed 

of the movement of the pistons; these were adjusted to 

ensure that the plane of the top of the flange was always 

horizontal, otherwise during the movement of the pistons 

the alumina could be inclined to the susceptor with disas- 

trous consequences. 	A line pressure of 100 lb/in
2 
was 

required to maintain the system in. the fully extended 

position with the chamber at about 10
-3 

mm Hg. 
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A 'PYTHAGORAS 1800' CRUCIBLE (WALL THICKNESS 	3mm) 
THAT FAILED AT 1450°C WHEN SUBJECTED TO A PRESSURE 
DIFFERENTIAL OF ONE ATMOSPHERE. 

FIG. 4.1 

ALUMINA CRUCIBLE ATTACHED TO THE BRASS CRUCIBLE-HOLDER. 

FIG. 4.2 
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1 
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FIG 4.3 

TUE EXTERNAL APPEARANCE OF THE ENTIRE EXPERIMENTAL 
SYSTEM. 
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KEY to 

the schematic representation of the apparatus for 

stream degassing of molten iron (Fig. 4.4.) 

1. Thermocouple 

2. Stopper rod 

3. Surface gas lance 

4. Melt gas lance 

5. Allan screw for tightening brass lid 

6. Brass top lid 

7. Brass crucible-holder (water-cooled) 

8. Top of bellow arrangement 

9. Bellows 

10. Brass clip fastened to alumina crucible 

11. Compression plate 

12. Agan screw for tightening compression plate 

13. Alumina crucible 

14. Platform for bellow arrangement (water-cooled) 

15. Graphite susceptor-holder (water-cooled stainless steel) 

16. Screw for fastening susceptor to mild steel flange 

17. Mild steel flange 

18. Top lid of chamber 

19. Refractory cement support for induction furnace 

20. Iron charge in alumina crucible 

21. Induction coil 

22. Graphite susceptor 

23. Steel drum 

24. Plumbago 

25. Steel disc (platform) 

26. Observation window through which stream is photographed 

27. Melt observation (silica) window. 28. Main vacuum chambe 
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FIG.4.4 SCHEMATIC REPRESENTATION OF THE APPARATUS FOR STREAM 

DEGASSING OF MOLTEN IRON (KEY TO NUMBERS ON OPPOSITE PAGE) 
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Key to Fig. 4.5 

Three piston lever operated 
5 port valve S/562 

B Air/oil reservoirs. 

C 	Sub base mounted valves 
(M/1702) 

D Shuttle valve (S/575) 

E 2-port poppet valve (S/534) 

F 	Manifold 

G Unidirectional flow regulators 
(S/650) 

H Cylinders with pistons. 
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FIG.4.5. 	 PNEUMATIC 	CIRCUIT 
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4.2.4 BRASS TUBE-HOLDER 

The photographs and detailed schematic representation 

of the brass tube holder are shown in Figs.(4.2)(4.6) (4.7). 

The tube holder was designed to take up to three tubes at a 

time and was heavily watercooled. 	Illustrations of the 

detailed design are shown in. Fig (4.6) and (4.7). 

Two 36mm diameter stainless steel rods were designed 

for plugging off whichever of the three holes was not in 

use for holding alumina tubes. 	The tubes and plugs 

were each firmly held by a brass clip at the top, and 

tightly sealed to the base of the arrangement with a com- 

pression plate and 0-ring seals. 	The underside of the 

bottom flange adjacent to the hot graphite was made of 

a copper sheet to enhance rapid heat transfer from the 

hot zone to the cooling water. 

4.2.5 	TOP LID 

A separate gas-tight lid was designed. 	Essentially 

this consisted of a melt observation window and facili-

ties for the possible use of three tubes simultaneously. 

Guides were provided through which the probes were located 

to ensure that no probes were touching each other or in 

direct contact with the crucible. 

4.2.6 GRAPHITE SUSCEPTOR 

A schematic representation of the graphite susceptor 
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is shown in Fig. 4.8;a photograph of a crucible attached 

to the brass holder and protruding through the base of the 

susceptor is shown in Fig. 4.9. 	The graphite was ma- 

chined.-  from a 120 mm diameter, 340 mm long CS grade gra- 

phite cylinder. 	It contained three channels, each with 

a diameter of 44 mm with centre on. radius 26mm. The 

graphite was bolted to a 132 mm OD, 6 mm thick stainless 

steel flange with three matching holes. 	In operation 

the flange was positioned on the lower flange of a water-

cooled stainless steel holder located on the vacuum 

chamber lid. 	Before use, the graphite was "degassed" 

by maintaining it at 1600°C for eight hours under vacuum, 

4.2.7 ALUMINA CRUCIBLE 

Each alumina tube was 480 mm long, 28.5 mm ID, 

35.5 ram OD nominal, with a tolerance of ±2 mm as ordered; 

those with OD of 2mm greater than specified were either 

rejected or ground down on a diamond-carborundum impreg-

nated wheel while those significantly undersize were 

wrapped up to size with t rTFE T  tape in sections where 

the tube dimensions were critical. 	Brass clips were at- 

tached to the top of each tube to prevent it from slipping 

into the chamber under vacuum. 

The choice of small ID tubes brought about opera-

tional difficulties: there were not enough clearances 
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between the probes and this sometimes resulted in clus-

tering of the probes as illustrated with Fig. 4.10. 

Fig. 4.11 also shows tube failure resulting from tube 

erosion because of the inclination of a gas lance against 

the side of a crucible. 	The problem was finally elimi- 

nated by the provision of special guides attached to the 

top lid as described in section 4.2.5. 

The idea of a possible choice of larger tubes had 

to be discarded because it implied higher failure rate 

with the more expensive materials since the thickness 

would be greater and hence more susceptible to failure 

by thermal shock. 

4.2.8. NOZZLES 

Holes were drilled through the base of the tubes 

with a chamfer at the nozzle entry to prevent flow separa- 

tion. 	This was confirmed on a single phase flow of de- 

gassed iron which showed no evidence of stream expansion 

or contraction. 	The nozzle diameters were measured be- 

fore and after each run to check for nozzle deformation 

and erosion using a travelling microscope. 	The nozzle 

length was measured using a micrometer with a special 

attachment. 	This is illustrated in. Fig. 4.12. 	The noz- 

zle length was always less than the thickness of the base 

of the tube, by the depth of the chamfer and was generally 
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of the order of 2-3 mm. 

4.2.9. 	STOPPER ROD 

The stopper rod (Fig. 4.13) consisted of two lengths 

of 5 mm diameter thermal recrystallised alumina held to-

gether by a stainless steel sleeve 5.5 mm ID, 6.5 mm OD, 

40 mm long. The overall length of each stopper rod 

could vary between 830 and 930 mm. The longer of the 

two components was initially 670 mm long and tapered at 

both ends to facilitate reuse of the same rod before being 

retapered to a point with a half vertical angle of 221*. 

It was important that the joint, which was normally made 

with t Araldite t , should not be less than about 300 mm 

from the metal-gas interface, when using a 90 mm long 

cold charge. 	The length of the rod projecting above the 

top lid carried a brass sleeve, 5.5 mm ID, 7 mm OD, 25 mm 

long with side arms for springloading the rod to ensure 

that it was not displaced from the orifice during the 

heat as a result of mechanical egitation. which often oc-

curred during gas bubbling and movement of the bellows. 

It was essential to grind off 1 mm of the taper and 

smooth the outermost tip to a hemispherical configurat-

ion to avoid deformation of the nozzle during manipula-

tion of the stopper rod or blocking of the nozzle by a 

fractured stopper rod tip. 
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FIG.4.6 

PLAN & VERTICAL 

SECT ION THROUGH 
THE  BRASS 
CRUCIBLE-HOLDER 
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B 

FIG. 4.7 THE PLAN AND SECTIONS THROUGH THE 
BASE OF THE BRASS CRUCIBLE HOLDER . 
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AN ALUMINA CRUCIBLE ATTACHED TO THE BRASS HOLDER AND 
PROTRUDING THROUGH A GRAPHITE SUSCEPTOR. 

FIG. 4.9 

AN EXAMPLE OF THE CLUSTERING OF PROBES INSIDE AN 
ALUMINA CRUCIBLE IN THE COURSE OF A RUN 

FIG. 4.10 
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THE EROSION OF AN ALUMINA CRUCIBLE ARISING FROM THE 
INCLINATION OF A GAS LANCE AGAINST THE CRUCIBLE 

FIG. 4.11 

CHEMICAL ATTACK OF ALUMINA CRUCIBLE WITH IRON SATURATED 
WITH 96C0-4C0

2 GAS MIXTURE. 

FIG. 4.I1(b) 
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FIG.4.12 ARRANGEMENT FOR MEASURING NOZZLE 
LENGTH 
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Alumina 
rod 

	Stainless 
steel sleeve 

	 Set 
Araldite 

FIG. 4.13 

STOPPER ROD 

Pointed tip 
ground off to a hemi-
spherical configuration to 

an extent depending upon 
nozzle diameter. 
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4.2.10 	IRON CHARGE 

Each charge weighed about 300 grams and consisted 

of a degreased Armco grade iron rod 25.4 ram diameter and 

90 mm long at the centre of which a 9 mm hole was drilled 

through which the stopper rod was located. 	When alloy- 

ing additions were to be made a 4 mm, or 2-2 mm, diameter 

blank holes were drilled at the top of the charge to take 

the alloying additions in powdered form; this was neces-

sary to reduce the risk of attack of the alumina tube 

which would occur as a result of direct and prolonged 

contact between alloying additions and the tube. 	A 

typical analysis of the Armco iron used is given in.  

Section 3.1.3. 

4.2.11 HEATING AND COOLING CYCLES 

A typical campaign lasted about 10 hours including 

heating, saturation, actual experimentation and cooling 

cycles. 	The optimum heating rate was 400°C per hour up 

to 800°C and subsequently 300°C per hour. 

Heating was carried out with the bellows fully ex-

tended and the charge in the centre of the induction 

coil. 	Immediately after a run oxygen-free nitrogen was 

slowly bled into the chamber to 1 atmosphere pressure and 

the system cooled down to 800°C at 300°C per hour and sub-

sequently brought to room temperature in a further 132 hours. 
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The charge was heated under argon. The tank pressure 

was maintained at about 10-3 mm Hg•until just before the 

run when the chamber pressure was adjusted to a predeter-

mined value by bleeding an inert gas into the chamber to 

protect the graphite susceptor from oxidation. 

The nozzle was always 'frozen' if the chamber was 

adjusted to pressures higher than 100 mm Hg. This re-

stricted investigations to low tank pressures and any 

chamber pressure adjustment was made only just before 

the run. 

4.2.12 MELT SATURATION 

Two gas lances were used, one supplying gas into 

the melt, and the other above the melt. 	Each lance 

was made of a 2 mm bore, 4 mm OD alumina tube. The 

depth of immersion of the immersed lance was 50 mm below 

the melt surface. 	The orifice of the 'surface lance' 

was about 10 mm from the metal-gas interface. 	The gas 

flow-rates through the melt and surface lances were 80 

and 100 cm
3
/min respectively. 	Prior to bubbling the 

desired gasl the melt was purged with argon. Bubbling of the 

gas solute was for 30 minutes except when. there was leak-

age and saturation. was consequently terminated prematurely. 

During the flow of the metal stream the immersed lance 

was taken out of the melt with the supply of gas to the 
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surface via both lances continued)to prevent the transfer 

of gas solutes from the melt into the bulk gas phase. 

4.2.13 PHOTOGRAPHY AND DURATION OF FLOW OF STREAM 

The discharge operation was carried out manually 

by swiftly lifting the anpper rod out of the nozzle with 

the system in the heating position. 

The system was lowered for photography after about 

two seconds of the start of stream flow and raised back 

into the heating position immediately after the film 

ran out. Thus the alumina crucible was not normally 

maintained at the lowest position for more than about six 

seconds. 	It was unnecessary to lower the system when 

no photograph was to be taken. 

The discharge time was measured using an analogue 

photodetector which was suitable for detecting continu-

ous changes in light level. 

The detector collected the radiation from the steel 

stream when it emerged from the nozzle and the detector 

output was recorded. 	The output voltage from the circuit 

increased directly with light intensity. 	As the align- 

ment of the photocell with the metal stream was not criti-

cal, the photocell was simply pointed at the position of 

the stream trajectory through the observation window. 

The tank pressure was measured with Pirani and dial 
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gauges which were previously calibrated. The outputs from 

both the photocell and Pirani gauges were fed into a two- 

pen "Servoscribe" recorder throughout the run. 	Typical 

chamber pressure and intensity curves during the stream 

discharge are shown in Figs. (5.3), (5.4). 

An advantage of the photocell-recorder arrangement 

was its continuity of response as opposed to an electronic 

timer which had to be reset manually if a stream flow 

was prematurely interrupted or if a few drops emerged 

prematurely from the nozzle. 

A "Fastax" high speed movie camera - category V, 

type WE4ST - with 50 mm lens, was used with a peak framing 

speed of 2870 pictures per second, and always aligned with 

the tube orifice before the commencement of heating. The 

view seen by the camera included about 30 mm of the bot-

tom of the alumina crucible, the nozzle exit and up to 

300 mm downstream; where nozzle extensions were used 

only about 2 mm of nozzle was in the field of view. The 

brightness of the liquid iron at 1600°C provided adequate 

illumination. 

An electronic circuit was designed to determine ac-

curately which part of the stream discharge duration was 

photographed to correlate stream behaviour with small 

changes in tank pressure. Although a remote control 
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switch was designed so that one operator could lift the 

stopper rod and operate the camera its use was abandoned; 

instead manual operation of the camera by a second obser-

ver was carried out to avoid film wastage arising from 

nozzle blockage. The camera was only started when a 

good' stream was observed. 	The same second observer 

also took control of the operation of the pneumatic sys-

tem during the run. 

The metal stream was received by a plumbago cruci-

ble prealigned with the alumina crucible, placed inside 

a steel drum at the base of the chamber. When vigorous 

break-up occurred it was usual to collect up to 60% of 

the charge in the form of powder outside the plumbago 

crucible, the majority from the chamber wall and some 

agglomerated. 	In the latter case analysis of powder 

became impossible. 

4.2.14 EXTENDED NOZZLES 

Stream break-up was not observed with nitrogen 

saturated iron employing short smooth nozzles even at 

tank pressures below 10
-3 

mmHg. 	Therefore a substant- 

ial effort was concentrated on the development of a 

technique for sintering alumina cement or another smooth 

narrow-bore alumina tube (extension. nozzle) to the bot-

tom end of the alumina crucible (substrate). 
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In either case the base of the substrate was ground 

flat and a former, in the form of a precision-•rnachined 

rod was used to ensure alignment of the hole through the 

substrate with that of the extension nozzle. 	Satisfac- 

tory results were obtained with 101 grade of alumina 

cement powder, mixing 20 cc of binder (made up of 18 cc 

of orthophosphoric acid and 2 cc of sodium silicate) 

with 100 grams of the cement. 	A satisfactory prepara- 

tory technique included air drying for about 12 hours, 

oven. drying in 3 stages at 50°, 100°  and 200°C each for 

12 hours. The former was removed after the third stage 

and the arrangement was fired either in a muffle furnace 

at 1400°C for 8 hours or fired 'in situ' during. the heat-

ing of the charge.Where the extension. nozzle was in the 

form of another refractory tube a two-stage sintering 

procedure ensured that no separation occurred between 

the substrate and extension. nozzle. This is illustrated 

in. Figs 4.14 and 4.15. 	This consisted of first cement- 

ing the extension tube to the substrate and oven-drying. 

Finally another layer of cement was placed between. the outer 

insulator and the extension. nozzle. 	Figs. 4.16 and 4.17 

show the typical appearance of 'green' and used nozzles. 
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Key to Fig. 4.14. 

1. Alumina crucible 

2. Short, narrow bore alumina tube 

3. Brass rod (former) 

4. Fired alumina cement 

5. Alumina tube (short) 

6. Alumina cement 



Fl G.4.14 

MANUFACTURING PROCEDURE 
OF A LONG SMOOTH NOZZLE 
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Key to Fig. 4.15 

1. Alumina crucible. 

2. Brass rod (former). 

3. Fired alumina cement. 

4. Nozzle protuberances. 

5. Short alumina tube. 



 

1 

  

   

      

     

4 

FIG. 4.15 MANUFACTURING SEQUENCE OF AN EXTENDED ROUGH NOZZLE 



1I4a 

THE TYPICAL APPEARANCE OF A "GREEN" ALUMINA NOZZLE. 

FIG. 4.16 

THE TYPICAL APPEARANCE OF A "FIRED" AND USED ALUMINA 
NOZZLE. 

FIG. 4.17 
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4.3 AUXILIARY EXPERIMENTS 

4.3.1 MODIFICATION OF APPARATUS FOR SILVER OXYGEN 

IN NIMONIC 75. 

An attempt was made to use the apparatus of Mizo- 

guchi (7) to study the effect •of length-diameter ratios 

of nozzles on silver stream behaviour. 	It was found 

that the electromagnetic coupling between the longer 

nozzles of length greater than half an inch and the in-

duction. furnace, coupled with the low thermal condurtiv-

icy of Inconel 600, resulted. in -2roze-1 1:ozzles. 

f1:1:rTines 	built for heatng each nozzle. 	The 

power to the auxiliary furnace was supplied through 

leads incorporated at the base of the vacuum chamber. 

The method also used by Mizoguchi to seal his 

nozzles into the base of the tundish proved inadequate 

. in. the situation. where the joint was heated from below 

by the separate furnace. 	Each nozzle is now welded to- 

the tundish. 	Although the modified apparatus was not 

used in the current exercise its suitability has been 

demonstrated. 

4.3.2 SILVER-OXYGEN STREAMS THROUGH ALUMINA NOZZLES 

Mizoguchi obtained discharge coefficient values for 

oxygen saturated silver flowing through Nimonic 75 nozzles. 
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In general these are high. (7) 

The rather low discharge coefficient values obtained 

even. for degassed iron. suggested a significant contri-

bution by frictional effects when alumina nozzles were 

used, hence some silver-oxygen runs were carried out in 

the same system used for molten iron to facilitate cor- 

relation. 	The silver was purified as described else- 

where (7) and cast in graphite mould into 1 inch diameter 

rods. 	Subsequent preparation was as for the iron rods 

described in section 4.2.10. 

4.4. SUMARY OF THE PRECEDURE FOR EACH RUN 

4.4.1 GENERAL EQUIPMENT AND ROUTINE PREPARATION 

1. Adjust flow regulator settings on pneumatic system 

for maximum speed. 

2. Check, clean and grease all '0'-rings and clean 

chamber, graphite susceptor, steel drum and plumbago 

crucible. 

3. Prepare thermocouple, stopper rod, and both gas 

lances, making adequate provision. for spares. 

4. Take measurement of alumina tube and ensure that 

the charge to be used slides into the tube; look out 

for tube narrowing down at the bottom and if so machine 

down charge to suit. 

5. Fasten alumina tube and stainless steel blanks to 
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the brass crucible holder. 	The procedure should be such 

that the entire charge is within the effective heating 

zone and that when system is lowered for photography the 

nozzle exit appears in the field of view of the camera 

(Fig. 4.19). 

6. Check that pressure of gas in cylinder supplying the 

pneumatic line is not less than 600 lb/in2. 

4.4.2 RUN PROCEDURE 

7. Check the electrical connections to illumination 

bulb inside chamber and shield adequately against metal 

spray. 

8. Locate steel drum and plumbago crucible and ensure 

their alignment with the induction furnace. 

9. Replace chamber lid. 

10. Locate graphite susceptor in the stainless steel 

holder, position this on chamber lid and check that the 

plumbage crucible is aligned with the channel to be used 

to take the alumina crucible. 

11. Cover stainless steel flange with steel disc, and 

switch on backing pump to test vacuum tightness. 	If the 

pressure attained is of the order of 0.4 torr within 10 

minutes the chamber lid is correctly located and all seals 

O.K. 

12. Position watercooled mild steel annulus-on graphite- 

holder. 
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KEY to 

the schematic representation of the optimum relative 

positions of crucible and induction furnace during the 

heating cycle (Fig. 4.19): Bellows fully extended. 

Position.  Distance from 
reference line 

(mm) 

Y 817 

X 812 

W 802 

V 582 

LT 562 

T 552 

S 537 

R1 497 

R 472 

Q 432 

P 412 

N 392 

382 

L 375 

K 305 

J 275 

fI 190 

110 

F 97 

E 82 

D 42 

C 40 

B 20 



Y 

Crucible 
holder 

Bellows 

Brass 
clip 

R 

Graphite 	 
holder 

Iron 	 
charge 

Induction 
coil 

Extension 
nozzle 

Graphite 
susceptor 

A' 
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FIG.4.19 OPTIMUM RELATIVE POSITIONS OF CRUCIBLE & INDUCTION 
FURNACE DURING THE HEATING CYCLE (Key to diagram on opposite page) 
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13. Locate bellows arrangement on steel annulus. 

14. Locate brass alumina arrangement. 

15. Cover the flange of alumina-holder with steel disc 

and test system for air tightness as for 11. 

16. Switch on illumination bulbs in chamber, lower sys-

tem and align camera with bottom of alumina; after align-

ment ensure that susceptor and camera positions remain un-

changed until after the run. 

17. Remove the brass-alumina arrangement and carefully 

slide into the crucible the iron charge and reposition 

the arrangement on top of the pneumatic arrangement. 

18. Locate the stopper rod and test for nozzle2,stopper 

rod seal. 

19. Locate top lid and test the system again for possible 

displacement of the stopper rod. 

20. Raise the system to the 'heating position' and 

lightly springload the stopper rod. 

21. Turn on all necessary water taps for water circula-

tion through all components designed to be watercooled. 

22. Switch on the HF. 

23. Supply inert gas above charge. 

24. Commence heating, increasing power input by 2 kilo-

watt every fifteen minutes up to 800°C and subsequently by 
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2 kilowatt every thirty minutes. 

25. Continually check for leakage of gas through stopper 

rod-nozzle joint, and arrest any leakagely lightly rota-

ting and further springloading the stopper rod. 

26. Load camera and test for correct loading; check that 

timing light functions properly; lubricate camera and 

set voltage for film speed at 90 volts. 

27. Link both Pirani gauge and photocell with recorder. 

28. Test that photocell is set to respond to changes in 

light level, choosing the 1 and 20 volt ranges for pres-

sure and photodell lines respectively and set recorder run-

ning at 30 ram/min. 

29. When system was heated to 1480°C and above alert 

personnel to watch out for arcing and metal leakage; 

(leakage may be arrested by rotating the stopper rod, 

and arcing may be arrested by increasing chamber pressure 

to above 1 mmHg. 

30. Switch over from inert gas to the actual experimen-

tal gas (after purging the melt for at least five minutes) 

and, in the case of H2 
or CO- containing gas mixtures link 

top of chamber via rubber tubing to a bunsen burner to 

burn off escaping gases. 

31. Switch 011 power supply to timing light, camera and 

master switch. 
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32. Ensure that the power setting on the HF will ensure 

a superheat of about 80°C (i.e. charge at 1600°C). 

33. Adjust tank pressure as desired for the run. 

34. Change recorder speed to 600 mm/min. 

35. Measure charge temperature and pressure above the 

melt. 

36. Lift the gas, lance and thermocouple out of the melt. 

37. Swiftly lift stopper rod out of melt. 	In the event 

of no stream emerging, leave system in heating position, 

and continue gas bubbling; furrier increase power by 4 

kilowatts in two steps. 

38. When photograph is to be taken the system should be 

lowered by the second observer operating the pneumatic 

controls after about 2 seconds of stream commencement. 

Camera should be operated manually when the bottom of the 

nozzle has reached the lowest position. 

39. Raise the system back to the 'heating position' im-

mediately after the film runs out. 

40. Immediately after all the charge has run out of the 

crucible, shut off all pumps and commence bleeding nitro- 

, 
 in 	r to the ch 0 	ambe. 

41. All probes should be raised out of the hot zone a:id 

occasionally rotated to ensure that they do not touch 

either the crucible or each other. 
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42. Cool system at the same rate as it was heated up 

to avoid tube failure. 

The total work involved for each run normally took 

about one man-week. 	This included the time spent in 

making up extension nozzles, stopper rods, gas lances, 

testing for leak tightness and optimisation of vacuum 

chamber, flanges, stopper rod - crucible, and all the 

other ancillary equipments. 

4.5 MAJOR EXPERIMENTAL PROBLEMS 

4.5.1 	INTRODUCTION 

Various authors have considered the problems exper-

ienced in the use of refractory oxides to contain molten 

iron (44) (45)(46). 

These oxides rarely consist of a homogeneous material, 

for example impurities such as Fe203 
and SiO

2 
are often 

found in 'high purity' thermal recrystallised alumina 

crucibles which may have their origin in the raw materials. 

In service these reactive impurities may be the cause of 

local softening. 

During contact with iron melts iron oxides may be 

precipitated at the crucible surface or embodied in the 

material by ciL171_12o3. 	ca;,,a7D13 

(47)(48) 	raport:2j 

1.-1.:2.7.i:s1 and 	01- 

mns-nesia cr71(;ible. In Izu;:: orI 
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(3) = 0.15 wt-% in a magnesia crucible was reduced by 

50% while the crucible FeO content at the surface corres-

pondingly increased from the initial level of 0.4 to 5.2 

wt-%. 	They showed that within one hour the Fe0 diffused 

up to 5mut into the nonporous magnesia crucibles, suggesting 

structural softening. 

The major problems encountered in this work were 

concerned with the failure of alumina crucibles and stop- 

per rods. 	Other problems, though of secondary severity, 

included a long campaign time per heat and the wide toler-

ances involved with the specifications of refractory mat- 

erials. 	In the case of oversize tubes this meant either 

a high rejection rate of the alumina tubes as supplied or 

a substantial effort in grinding down to suitable size 

(section 4.2.7). 

4.5.2 	PREFERENTIAL ATTACK OF ALUIII:IA AT SOLID-LIQUID 

IIETAL-GAS INTEaFACE. 

There was evidence of macroscopic groove formation 

along the meniscus contour of the crucible-melt-gas inter- 

face. 	The attack was more severe with the more oxidising 

gases, and particularly if the contact time between the 

melt and crucible was prolonged beyond about thirty min-

utes, as was often the case when the nozzle was blocked. 

The attack may be due to any of the following: 
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1. Erosion of the solid surfaceily the stirred molten 

iron. 

2. Preferential dissolution of alumina by the liquid-

gas surface layer due to certain special properties of 

the surface layer. 

3. Chemical attack for which the simultaneous presence 

at the surface of all three phases is essential. 

The same phenomenon had been observed by other 

workers/  (40(47)- 
	In our system once the thickness 

of the cl-Licible at any section was reduced below a critical 

value, the thickness could no longer withstand the pres-

sure differential of one atmosphere and consequently 

cracked. 

4.5.3 REDUCTION OF ALUMINA BY GRAPHITE SUSCEPTOR 

Thermodynamically the decomposition of alumina by 

the reaction: 

A1203  + 3C = 3C0 + 2Al   4.0 

is feasible at high temperatures ( > 1700°C) and very 

low pressures. 	If during the campaign the crucible was 

resting against the graphite, localised reduction in 

crucible thickness occurred leading to failure. 

4.5.4 CHEMICAL ATTACK OF ALUMINA 

Chemical attack of alumina was frequently encountered 
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with iron melts saturated with CO-00
2 mixtures, the prob-

lem intensifying with increasing oxygen potential of the 

gas mixture. 

The thermodynamics of Fe - 0 - Al are well docu- 

mented (49)(50)(51)(52)(52). 	Fig. 4.20 shows the 

FeO - 
Al203 equilibrium diagram. Many workers have 

investigated the formation of hercynite during steel-

making by the reaction of molten steel when aluminium 

is added as a deoxidiser (50a) (52) (54) (55). McLean 

and Ward (52) investigated the thermodynamics of the 

reaction 

Fe(1) + 0 + Al
2  03 

 (s) = FeO.A1203    4.1 

They measured the solubility of oxygen in liquid iron 

which was equilibrated with alumina and hercynite between 

1550 and 1750°C (52); from their own work and other data 

they produced a diagram showing the relationship between 

the activities of aluminium and oxygen to predict the 

relative stability of hercynite and alumina (Fig. 4.21). 

Pillay et al. equilibrated mixtures of hydrogen gas 

and water vapour with molten iron contained in an alumina 

crucible at 1600°C and measured the oxygen content. They 

observed that the interior of the tube was blackened by 

a material which they later identified as hercynite, when 
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the oxygen concentration was equal to or above 0.058 

wt-% (54). 

Brokloff also equilibrated liquid iron, hercynite 

and alumina with water vapour - hydrogen gas mixtures 

between 1450 and 1700°C, and showed that hercynite could 

form at oxygen levels even lower than 0.058 wt-% (55) 

in close agreement with McLean and Ward who showed the cri- 

tical level to be 	0.051 wt-%. 

The free energies for the formation of hercynite 

from 

1. dissolved oxygen, liquid iron and alumina 

2. its component oxides and 

3. dissolved oxygen, aluminium and liquid iron ... 

are available in recent publications (52). 

Fe(1) 	+ 	0 	+ 	A1203 	= 	Fe0.A1203(s) 	 4.1 

Fe 0(1) + (1-x) Fe(1) + Al203 	= 	Fe0.A1203(s) 4.2 

Fe(1) 	+ 2A1 + 40 	= 	Fe0.A1203(s) 

	

 	4.3 

AG° (4.1) (calories/mole) = -34,950 	12.99T (±500) 4.4 

AG°  (4.2) (calories/mole) = -7,918+1.46T (±1200) 	.. 4.5 

AG°  (4.3) (calories/mole) = -328,170+106.36T 
(3,500) 	4.6 

At 1600°C 

AG°(4.1) (calories/mole) - -10,619  	4.7 

AG° 	(4.2) (calories/mole) =-5,183  	4.8 
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AG° (4.3) (calots/mole) = -128,957   4.9 

From the relationship AG = -RT1nKp   4.10 

At 1600°C the equilibrium constant for the reactions 

(4.1) , 	(4.2) , 	(4.3) as written are: 

Kp (4.1) = 17.36 4 11 

Kp (4.2) = 4.03 4 12 

Kp (4.3) = 1.13 x 10
15 

4.13 

The Henrian activities of carbon and oxygen cor-

responding to some CO-CO2 
mixtures in molten. iron at 

1600°C are shown in table 3.1. 	The oxygen Henrian 

activity, h0  corresponding to 90 CO - 100O2, 92C0 - 

8CO2, 96C0 - 4 CO2' 
98C0 - 2 CO2 

are 0.137, 0.107, 0.051, 

0.025 wt-% respectively. 	Thus the formation. of hercynite 

is feasible, except at 2% CO2. 

Observed failures due to the chemical attack were 

either in the form of: 

(1) reduction. in stopper rod and crucible thickness 

(ii) total cleavage of stopper rod whenever the melt 

was stirred by gas bubbling. 

The reduction in the thickness of the crucible would 

ultimately lead to ft3 failure since it had to withstand 

a pressure differentialof one atmosphere. 

4.5.5 	SPALLING OF ALUMINA 

Spalling is a tension or shear fracture of a refrac- 
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tory oxide resulting from any or a combination of: 

(i) a temperature gradient in the material due to un-

even. heating or cooling that is sufficient to set up 

stresses of such a magnitude as to cause failure. 

(ii) compression due to expansion of the material 

from a rise of temperature sufficient to cause shear 

failure or 

(iii) variation. in the coefficient of expansion be-

tween. the surface layer and the body of the material 

due to slag penetration or to a structural change in 

service great enough to shear off the surface layer, 

At the initial stage of the prograufme the system was 

lowered before the Jlopper rod was pulled out, and left 

in the same position until the metal flow was complete. 

The operational. technique had to be changed, (section. • 

4.2.13) when it was realised that lowering the system 

often resulted in. tube failure. 
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CHAPTER 5 

RESULTS 

5.1 DISCHARGE COEFFICIENT AND MASS FLUX 

5.1.1 Discharge coefficient, CD  

CD  = Qactual/0  'Bernoulli 

actual 
= C

D
.a[2APt 	L  /e (1 - p4  )]2 .... 5.2 

where a = nozzle cross sectional area 

Q = mass flow rate 

A = cross sectional area of crucible 

(a/A)2- 

AP
t 
= (P

a 
+e Lgh - P: ) 

Since 	and h vary during the run arithmetical mean 

values were taken to calculate CD, hence 

CD  (mean) = 1.60 M(1-p4)1/2c1-2(At)3 i!2.(APt) 

	 5.5 

where M , dAt7eLl are the mass of charge diameter of , 0 

nozzle, time of stream flow, and density of melt res-

pectively. 

5.1.2 Mass flux density. 

G
mean 

4 M  

At Tr d2  

1.27 M(Qt) -1d-2 

5.6  

	 5.7 

5.1 

5.3 

5.4 
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5.2 MAJOR SOURCES AND ESTIMATION OF ERRORS 

If Y = f(a,b,c, ...) 	5.8 

where a,b,c, ... are independent, the systematic uncer-

tainty (AY)a, due to the undertainty Aa in the measure-

ment a is given by (AY)a  

(AY)
a 

= ( 	-da) Aa 

In practice two techniques are often used to obtain the 

overall systematic uncertainty AY, the first combines 

them by arithmetic addition, and the other in quadrature: 

AY = 	 /"aa.Aa + 	 /-ab . Ab + 	 rac. Ac +..5.10 

y 	 2 (Ay)2  = ('a  V? a)2  (Aa)2  + ('DY  / -- b)2(Ab) +-- --- 
	 5.11 

The technique by equ. 5.11 is likely to overestimate the 

size of the total systematic uncertainty, and may be con-

sidered as an estimate of the maximum possible limit 

whereas the second method employing equ. 5.10 tends to 

underestimate the uncertainty particularly when one of the 

components is considerably larger than the others. 

Considering elemental increments in the parameters 

involved in equ. 5.5 

ACD/CD  = AM/M + 2Ad/d + At/t + z dP /e÷-1/2APt/Pt  

5  12 

5.9 

AM/M, Ad/d(At)/
t , 

AP
t
/p

t are 0.3, 4, 3, and 1% 
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respectively. 	Substituting these in ecru. 5.12 the 

% error in discharge coefficient lies between 8.3 and 

5.1. 	Similarly the percentage error in mass flux 

lies between 8.8 and 5.1. 

For the heat-, mass transfer and mixed controlled 

growth of an isolated spherical bubble, neglecting the 

effects of liquid viscosity, inertia and surface tension, 

previously considered in section 3.4, for which 

	

R = 2p002    3.44 

where f3 = growth rate constant 

R = bubble radius 

D = diffusivity of the rate controlling species 

t = time since bubble growth commences 

	

Obi/(3 = 1/2(AD/D) —F-Ii(At/t) 1-(AR/R)   5.13 

AD/D, At/t, AR/R, are 10, 10, and 5% respectively, 

hence the maximum percentage error in p lies between 15 

and 9. 

5.3 GENERAL CLASSIFICATION 

5.3.1 General. 

The results are presented in five subsections in 

the same sequence as the experimental programme developed. 

All the runs were carried out at chamber pressures lower 

than 20- mmHg. 	Y:dhere the chamber pressure at the beginning 
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of a run was significantly lower, except in the case 

of degassed and nitrogen saturated iron, the chamber 

pressure at the end of the run increased due to gas 

evolution, the extent of which depended on the degree 

of stream disintegration. 	Hence the starting and 

finishing chamber pressures were averaged as the mean 

pressure for each run. 

The silver and iron melts were each saturated 

at one atmosphere pressure and 1100, 1600°C respec-

tively. 

Two different types of nozzles were used for the 

experiments: 

1. The 'smooth' nozzles were of thermal recrystallised 

alumina which were either in the form of a hole drilled 

at the base of the alumina crucible (short, smooth 

nozzles) or in the form of another thermal recrystallised 

narrow-bore alumina tube sintered to the base of an 

alumina crucible (long, smooth nozzles). 	In either 

case the length of the nozzle was the length of the 

parallel section of the duct. 

2. The 'rough' nozzles consisted of alumina powder 

sintered to the base of an alumina crucible bearing a 

hole of ecual nominal diameter as that formed through 

the sintered cement. 	Since, in general, the length of 
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the short, smooth component was much less ("-, 4 mm) 

than that of the rough nozzle ( 20mm), the length 

of the sintered section was always taken as the overall 

length of the rough nozzle. 

5.3.2 Classification of the results. 

Five broad classifications will be employed: 

1. Gas-saturated iron streams in short, smooth nozzles. 

2. Gas-saturated iron streams in long, smooth nozzles. 

3. Gas-saturated iron streams in rough nozzles. 

4. Air- and oxygen-saturated silver streams in both 

smooth and rough nozzles. 

5. Degassed silver and iron streams in rough and 

smooth nozzles. 

5.4. 	GAS SATURATED IRON STREAMS IN SHORT, SMOOTH NOZZLES. 

5.4.1 Discharge coefficient measurements. 

The discharge coefficient data are presented in 

table 5.1. 	Their values lie between 0.49 and 0.74. 

Those obtained for the nitrogen series are higher 

than for the CO-002 
and hydrogen-saturated iron streams. 
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Run. 	No. Gas Solute Nozzle 
diameter 
(mm) 

l/d Mean dis-
charge co-
efficient 

CD 

A33 H2 1.49 2.44 0.69 

P4 II 1.54 2.01 0.56 

B5 92C0-8C02 1.60 2.3 0.51 

B8 It 1.60 3.3 0.56 

B9 It  1.60 1.89 0.51 

C10 96C0-4C02 1.60 2.58 0.57 

C5 I, 1.60 1.86 0.53 

B4 11 , 	1.50 3.0 0.49 

B15 'I 1.60 2.34 0.51 

A29 N2 1.70 2,85 0.73 

A30 l? 1.42 3.38 0.72 

C9* ft 1.62 3.39 0.74 

Table 5.1 

* 0.1 wt-`/ S added.. 

DATA ON GAS-SATURATED - IRON STREAMS IN SHORT, SMOOTH 
NOZZLES. 
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5.4.2 Stream appearance. 

No stream break-up was obtained for either the 

nitrogen- or hydrogen-saturated iron streams. The 

addition of sulphur up to 0.1 wet-% did not alter the 

stream behaviour. 

There were, however, occasional isolated bubble 

appearances, the diameter of which typically varied 

between 10 mm and 22mm. 	In general, the streams 

exhibited 'Rayleigh' type of break-up. 

Fig. 5.E illustrates the typical behaviour of 

nitrogen- and hydrogen-saturated iron. 

In the case of the 96C0-4C02' 
92C0-8C0

2 satura-

ted iron streams, homogeneous, bubbly flow was ob-

tained and this is illustrated by Fig. 5.2. 

5.4.3 Chamber pressure in the course of the run. 

The chamber pressure rise during the run resulted 

from gas evolution during 

(a) stream disintegration 

(b) splashing in the collector and 

(c) solidification. 

Figs. 5.3 and 5.4 are the typical curves experimentally 
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obtained for nitrogen, and CO-CO, saturated iron streams 

respectively. 

5.4.4 The Growth of Carbon. Monoxide and Nitrogen Gas 

Bubbles. 

The growth of typical carbon monoxide and nitrogen 

bubbles was analysed. 	Fig. 5.5, and 5.6 show the sequence 

of growth of nitrogen and carbon monoxide bubbles. 

Figs. 5.7 and 5.8 are the corresponding curves ob-

tained by plotting the bubble diameter against the square 

root of the life of the bubbles. 	Time zero 	was arbi- 

trarily assigned to the time the bubble first became visi-

ble [2R0  ,N./ stream diameter] and it should be apprecia-

ted that the growth of the bubble must have commenced 

earlier than assumed. 

The growth constant, p of carbon monoxide was 

found higher than for nitrogen. bubbles. 

5.5 	GAS SATUaATED IRON STREALIS IN LONG, ST400T11 1XJZZLES. 

5.5.1 Introduction  

Since the stream breakup in the short, smooth nozzles 

was limited it was presumed that increasing the contact 

area between the nozzle and metal stream might signifi-

cantly affect the stream behaviour and hence runs were 

carried out in longer, smooth nozzles. 
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FIG. 5.1 

(a) Degassed iron stream. 	kloiNt P L, • 

(b) Nitrogen saturated iron stream. GA4 17 3 . 

(c) An example of 'Warner's stream'; although apparently 

breaking up, the origin of which could be fluid dynam-

ic effects, heterogeneous nucleation within the nozzle 

or Rayleigh breakup. 

RIAA 6 
Fe-C-0 stream exhibiting homogeneous bubbly flow. 

FIG. 5.2 
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FIG.5.3 TYPICAL CHAMBER PRESSURE-TIME CURVE FOR 
Fe-N STREAM FLOWING THROUGH ROUGH ALUMINA NOZZLES 



(Pressure line) 

decreasing 
chamber 
pressure 

.111■1•1 

.11■1•111 

RUN C10 

(Photocell output ) 
IIMEMNIM 

4 

increasing 
chamber 
brightness 
	 7.1 

to  

145 

TIME( sec. ) 
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Fe-C-0 STREAMS FLOWING THROUGH SMOOTH ALUMINA 

NOZZLES 
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FIG. 5.5 

KINETICS OF CARBON MONOXIDE BUBBLE GROWTH IN IRON 
AT 	1600°C, 20 mmHg. 

The arrows indicate the direction of the sequence of 
bubble growth. 
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FIG. 5.6 

KINETICS OF NITROGEN BUBBLE GROWTH IN IRON AT 
	

1600°C 
20 mmHg. 

- contd. page 149 







D
IA

M
ET

E
R

 (m
m

  

25 

20 

15 

10 

5 

150 

•02 	-04 	•06 	•08 	-10 	.12 	-14 	•16 

( sec 1/2 ) 
 

FIG.5.7 	CARBON MONOXIDE BUBBLE GROWTH (EARLY 
RETARDATION ) 



E 
E 10 

D
IA

M
E T

E
R 

14 

w 
to 5 
co 
o 
to 

151 

0 	•01 	-02 	.03 	•04 	.05 	•06 	.07 	.08 

,F ( sec 1/2 ) 

F1G.5.8 	NITROGEN BUBBLE GROWTH ( EARLY RETARDATION ) 



152 

5.5.2 Discharge Coefficient Measurements. 

Run No. Gas Solute Nozzle diam- 
eter (mm) 

l/d Mean dis-
charge co-
efficient, 

CD.  

D3 H
2 

1.50 9.06 0.63 

E2 11 ft  8.9 0.59 

E3 11 It  7.68 0.59 

STLSN9 96C0-4C0
2 

II 7.03 0.50 

ST
LSN

7 11 I/ 7.85 0.51 

STLSN17 
11 TT  7.33 0.45 

STLSN14 II If  6.39 0.57 

TABLE 5.2 

DATA ON GAS-SATURATED IRON STREAMS IN LONG, SMOOTH NOZZLES 

The discharge coefficient data for gas-saturated 

iron in long, smooth nozzles are presented in Table 5.2. 

In general these are lower than those obtained for the 

same system in short, smooth nozzles. 

Here again, those obtained for the hydrogen series 

are in general higher than for the CO-002 
series; the 

discharge coefficient decreases as the l/d ratio in-

creases for a particular system. 

5.5.3 Stream Appearance. 

The pattern of break-up obtained with the CO-CO, 
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series is the same as that obtained with the short, 

smooth nozzles. 	There was no significant difference 

in the stream appearance. 

The hydrogen series showed greater break-up than 

obtained with the short, smooth nozzles. 	A typical 

stream behaviour is illustrated with Fig. 6.3.0L • 

The nitrogen saturated iron streams did not break 

up; nor did the addition of 0.1 wt.-% sulphur alter the 

stream behaviour. 	In general, the stream behaviour was 

the same as obtained with the short, smooth nozzles - 

exhibiting only Rayleigh break-up. 

5.5.4 Chamber pressure in the course of the run. 

The recorded chamber pressures for the hydrogen 

series confirmed greater gas evolution in the course of 

the run than obtained with similar but shorter nozzles. 

The pattern for the nitrogen and CO-002 
series are 

the same as with shorter nozzles. 

5.5.5 The growth of gas bubbles. 

The growth of the typical, isolated CO, N2  gas 

bubbles showed the same pattern as for the short, smooth 

nozzles. 	However, the hydrogen bubbles were very short- 

lived, with typical maximum life of 0.001 sec. and below. 
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5.6 GAS SATURATED IRON IN ROUGH NOZZLES. 

Since the nitrogen-saturated iron did not break up 

and the break-up of the hydrogen series in long, smooth 

nozzles was limited, it was decided to carry out some 

runs in rough nozzles. 

The measured discharge coefficients were significantly 

lower than obtained for the runs carried out in smooth 

nozzles of both categories. 	Here again,those obtained 

for the hydrogen series were again lower than the corres- 

ponding values obtained for the nitrogen series. 

5.6.2 Discharge coefficient measurements  

aun No. Gas Solute 

___. 

Nozzle dia- 
meter (mm) 

l/d 

_ 

Mean dis-
charge co-
efficient, 

CD 

G2 H
2 

1.8 5.0 0.34 

G3 n 1.8 U 0.35 

C5 II II Zt  0.33 

P5 Tr  1.62 3.3 0.30 

Gil N
2 

2.42 5.8 0.45 

EA ti 1.84 5.9 0.41 

G1 11  1.80 5.0 0.39 

P3 II 1.60 6.0 0.39 

G6 10%142-90%N2 
1.80 5.0 0.49 

G12 t, 2.62 6.3 0.42 

Table 5.3 

ON GAS-SATURATED IRON STREAMS IN ROUGH NOZZLES. 
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5.6.3 Stream appearance, chamber pressure and bubble  
growth.  

There was extensive break-up with the hydrogen- 

saturated iron streams in rough nozzles. 	Up to 80% 

of the stream was collected, in the form of fine powder 

with average particle size of about 250 microns, outside 

the plumbago collector located directly below the nozzle 

orifice. 

No hydrogen bubbles were visible outside the nozzle 

exit as these completely collapsed at the nozzle exit. Figs. 

6.3 (b) and 5.11(a)illustrate the typical stream beha- 

1-646-ct-ivebd 
viour and chamber pressureletiring the run of hydrogen- 

saturated iron flowing through a rough nozzle. 

The behaviour of the nitrogen series was essentially 

the same as with smooth nozzles since the stream exhibi- 

ted mainly Rayleigh break-up. 	The very low discharge 

coefficients were not associated with a homogeneous 

bubbly flow in this case. 

The occasional, isolated nitrogen bubbles showed 

the same pattern of growth rate as obtained with the 

smooth nozzles. 
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5.7 AIR AND OXYGEN SATURATED SILVER STREAMS IN ROUGH  
AND SMOOTH NOZZLES. 

5.7.1 Introduction. 

The discharge coefficient obtained by Mizoguchi 

for silver streams flowing through Nimonic 75 nozzles 

at chamber pressures of the order of 11 mmHg and below, 

were in the range 0.900 and 0.875 for air-saturated sil-

ver streams (with 3/16" dia. 2" long nozzle) and between 

0.711 and 0.705 for oxygen-saturated silver streams 

(with 3/32" dia. 	long nozzle). 

The former exhibited intermittent bubble growth 

while the latter showed homogeneous, bubbly,choked 

flow. 

Measured discharge coefficients in rough nozzles for 

nitrogen-saturated iron were as low as 0.39 and yet the 

stream appearance revealed no break-up, suggesting that 

the contribution of the entry loss and friction coeffici-

ents to the measured discharge coefficients were large. 

Auxiliary experiments involving air- and oxygen-saturated 

silver streamsl flowing through both smooth and rough alumina 

nozzles, were planned as these would permit a realistic com-

parative evaluation of the friction coefficients for silver 

flowing through both alumina and Nimonic 75. 
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5.7.2 Discharge coefficient measurements. 

The data on discharge coefficients for both the 

air- and oxygen-saturated silver streams are given in 

Tables 5.4 - 5.7 inclusive. 	The C
D 
values are lower 

than obtained for the runs carried out in Nimonic 75; 

similarly the values for saturated silver in rough 

nozzles are generally lower than obtained with the 

same system in smooth nozzles - the same pattern as 

obtained with the gas-saturated iron streams. 

The growth of gas bubbles was analysed. 	These 

bubbles were rather unstable and irregular in shape 

(not spherical). 

The stream behaviour was the same as obtained with 

the Nimonic 75 nozzles, (Fig. 5.11 b, c). 

Run No. 
_ 

Nozzle dia- 
meter (mm) 

1/d Mean discharge 
coefficient)  CD 

SAll 1.5 13.68 0.77 

SA16 2.05 1.62 0.79 

SA13 1.5 11.63 0.77 

Table 5.4 

DATA ON AIR-SATURATED SILVER IN SMOOTH NOZZLES. 
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Run No. Nozzle dia- 
meter (tad) 

l/d 

__ 

Mean discharge 
coefficient, CD 

SA1 1.803 10.47. 0.61 

SA2 1.803 10.47 0.62 

SA8 2.09 10.47 0.64 

TABLE 5.5 

DATA ON AIR-SATURATED SILVER IN ROUGH NOZZLES. 

Run No. Nozzle dia- 
meter (mm) 

1/d Mean discharge 
coefficient, CD  

SA10 1.5 13.68 0.51 

SA14 2.05 1.62 0.60 

SA18 1.5 7.67 0.63 

SA20 1.5 14.93 0.50 

SA22 1.5 14.93 0.54 

SA26 1.5 8.52 0.60 

SA27 1.5 8.52 0.58 

SA35 1.5 11.63. 0.55 

TABLE 5.6 

DATA ON OXYGEN-SATURATED SILVER IN SMOOTH NOZZLES. 
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Run No. Nozzle dia- 
meter (mm) 

l/d Mean discharge 
coefficient, Cd  

SA3 1.803 10.47 0.41 

SA7 2.09 9.56 0.43 

SA29 2.19 4.84 0.54 

SA30 2.19 4.84 0.54 

TABLE 5.7 

DATA ON OXYGEN-SATURATED SILVER IN ROUGH NOZZLES. 

5.8 DEGASSED SILVER AND IRON STREAMS IN SHOOTH AND 

ROUGH NOZZLES 

5.8.1 Introduction.  

Because of the need to evaluate the entry loss 

coefficient the need arose to carry out some experiments 

with degassed silver and iron streams. 

In the limit-of the nozzle length tending to zero, 

the measured discharge coefficient would be a function 

of the entry loss coefficient only. 

5.8.2 Discharge Coefficient Measurements v- 

Because the alumina nozzles must have varied slightly 

depending on the individual characteristics of the bond 

at the alumina tube/ nozzle joint, the exact nature of 

the chamfered nozzle entry and other properties of the 

nozzle it was considered not worthwhile trying high re-
/ 
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producibility in discharge coefficient measurements. 

In fact, the values are quite consistent in view of the 

inevitable variation in nozzle 'quality'. 

The measured discharge coefficients for degassed 

silver in smooth nozzles lie between 0.90 and 0.80 while 

those obtained for degassed iron lie between 0.80 and 

0.75 in similar nozzles. 	Those obtained for silver in 

Nimonic 75 nozzles were 0.915 and 0.866 for the 3/16" dia. 

n 	n i 	i -2.  long; 3/32" dia. -2-  long respectively. The discharge 

coefficient measurements are again lower in rough than 

smooth alumina nozzles. 

5.8.3 Stream appearance. 

Close examination of the streams showed no flow sep= 

aration. 	A typical stream appearance is shown in Fig. 5.1(a). 

Run No. Nozzle dia- 
meter (mm) 

l/d 

-- 

Mean discharge 
coefficient CD _ 

SA17 2.05 1.62 0.89 

SA23 1.5 10.26 0.83 

SA94 II If 0.85 

SA32 n 11.63 0.80 

SA34 n 0.81 

Table 5.8 

DATA ON DEGASSED SILVER IN SMOOTH NOZZLES. 
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Run No. Nozzle dia- 
meter (mm) 

l/d Mean discharge 
coefficient, CD 

SA4 1.8 10.47 0.73 

SA9 2.09 9.56 0.69 

TABLE 5.9 

DATA ON DEGASSED SILVER IN ROUGH NOZZLES. 

Run No. Nozzle dia- 
meter (mm) 

1/d Mean discharge 
coefficient, CD  

G9 1.6 2.23 0.76 

B12 1.58 2.2 0.77 

C3 1.62 2.3 0.79 

TABLE 5.10 

DATA ON DEGASSED IRON IN SMOOTH NOZZLES. 

, 

Run No. Nozzle dia- 
meter (mm) 

1/d 

__  

1,:ean discharge 
coefficient, CD  

GlO 2.47 6.7 0.48 

P6 1.76 3.32 0.53 

TABLE 5.11 

DATA ON DEGASSED IRON IN ROUGH NOZZLES. 
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FIG. 5.11Q TYPICAL CHAMBER PRESSURE- TIME CURVE FOR Fe- H 

STREAMS FLOWING THROUGH ROUGH ALUMINA NOZZLES 
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AIR SATURATED SILVER STREAM FLOWING THROUGH NIMONIC 75 
NOZZLE 	10 mmHg (AFTER MIZOGUCHI). 

FIG. 5.11(b) 

OXYGEN` SATURATED SILVER FLOWING THROUGH NIMONIC 75 
NOZZLE 	100 mmHg (AFTER MIZOGUCHI) 

FIG. 5.11(c) 
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5.9 GENERAL REVIEW OF RESULTS 

Degassed Iron Streams. 

Analysis of the metal streams on nine films showed 

no flow separation. 	The streams exhibited Rayleigh break- 

up downstream. Measured discharge coefficients are rather 

low, ranging between 0.79 and 0.76 for iron streams flowing 

through short smooth alumina nozzles, and of the order of 

0.50 in sintered alumina powder nozzles. 

Nitrogen Saturated Iron Streams. 

Nitrogen-saturated iron streams showed no break-up 

in both smooth and rough alumina nozzles. 	Although there 

was intermittent bubble nucleation, the break-up was es- 

sentially the Rayleigh type - the same exhibited by de- 

gassed iron streams. 

Measured discharge coefficients were of the order of 

0.39, and 0.73 in rough and smooth nozzles respectively. 

The addition of sulphur up to 0.1 wt.-% did not affect 

the stream behaviour. 

Hydrogen Saturated Iron Streams. 

Hydrogen-saturated iron streams showed limited 

break-up when flowing through short, smooth alumina 

nozzles; the intensity of break-up increased with lid 

o the nozzles. -Tk6 bv-ectk 	b6(x-04Ae- vt.cyrous Lh, 

).-0(A51-L. `1°335. 
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Measured discharge coefficients were of the order 

of 0.33 and 0.60 in rough and smooth nozzles respec-

tively. 

C0-0O2
-saturated iron streams. 

Both 96C0-4C0
2 
and 92C0-8C0

2
-saturated iron 

streams exhibited homogeneous bubbly flow When. flowing 

through both smooth and rough alumina nozzles. 

Growth of carbon monoxide and nitrogen bubbles. 

The growth constants obtained experimentally for 

carbon monoxide and nitrogen bubbles were 

888 ± 133, 	448 	67 respectively. 
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CHAPTER 6 

DISCUSSION OF RESULTS. 

6.1 INTRODUCTION. 

The main objective of the experimental programme 

was to examine the factors leading to good stream break- 

up, using molten iron containing different gases dissolved 

at 1 atmosphere pressure and flowing through either rough 

or smooth nozzles. 	In the stream degassing process degas- 

sing normally takes place in three distinct steps. 

1. The gas evolved resulting from the spontaneous for-

mation of gas bubbles within the nozzle. 

2. Stream break-up downstream due to the subsequent 

growth and collapse of the gas bubbles that were nuclea-

ted either previously as in step 1, or downstream. 

3. Subsequent degassing once the stream is in the re-

ceiver in the chamber. 

Step 3 will invariably take place to an extent and at a 

rate depending on the efficiency of step 2. 	The second 

step is the most important in an efficient stream degassing 

process and the measurement of the size distribution of 

the resulting metal droplets following the stream disinte-

gration may be taken as an index of the process efficiency. 

Experimental work was not carried out at a sufficient-

ly wide chamber pressure range to prove the existence of 

choking absolutely unequivocally, however the observed 
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sudden expansion of the stream outside the nozzle exit 

may be taken as confirming choking under a particular 

set of conditions. 	This then permits the use of 

theories applicable to two-phase choked flow. 

The results emanating from this investigation, 

presented in. Chapter 5, will now be reviewed to show 

that: 

1. Gas bubbles can be nucleated on the nozzle wall under 

certain conditions and that nozzle roughness is not the 

sole overriding factor for rapid bubble nucleation. 

2. The important factors influencing stream break-up 

include: 

(a) gas content in iron 

(b) nozzle wall roughness 

(c) diffusivity of the dissolved species 

(d) the nature and amount of adsorbed molecules 

on the melt surface. 

In the rest of the chapter the approach used for 

analysing the results is first presented and the special 

features of the nozzles used are once again briefly 

summarised. 	For the sake of continuity the results 

are analysed', assessed and correlated with relevant 

previous work at the same time. 
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6.2 ANALYSIS OF RESULTS 

6.2.1 Pressure drop due to bubble growth and friction 
in a nozzle. 

Mizoguchi (7) showed that the mass flow per unit 

time, per unit area of nozzle (G) for a homogeneous• 

bubbly flow is given by the equation: 

AP
t' 	

= (G
2
/2e L) (1 + I( +4C 	+ 2S fm 6.1 

where AP
t 
	total pressure drop 

= (Pa ± e Lgh Pv)  

KL  = entry loss coefficient 

Cfm = mean. friction. coefficient 

S = ratio of gas to liquid volume in 
e 

the stream at the nozzle exit. 

For flow which is not chokk! P
e 
 = P

v 
and equation 6.1 

therefore yields: 

	

1/ C2 = 1 + KL  + 4Cfm  lid + 2 Se    6.2 
D 

If no bubble growth occurs g e  = 0 and values of CD can 

	

be used to calculate (KT  + 4Cfm  lid). 	Experiments with 

different nozzle l/d ratios allow estimation of KL  and 

C
fm separately; similarly as l/d tends to zero for a 

degassed stream CD  values give KL. 

When bubble growth occurs the value of CD  can he used 



172 

to estimate ge 
provided KL  and Cfm 

are known. 	For a 

flow which is choked at the exit 

p* = G*2 j*e/k2 

P L 
 

and P
e 	

P
v
. Provided KL  and Cfm  are known P*

e 
and 

j'*
e 
can be calculated from values of CD udng the following 

equations: 

Pa  + eLgh - (1 + k
2
)P*

e 

=
t 	

2 r 
CD  [1 + KL  + 4Cfm  1/d] 

and by substituting G*
2 
= e L

2 
CD
2 
( 20Ft•) 

C?L 

into equation 6.3 

*e  = (k
2/2) P*e/CD

2APt    6.5 

k is a modification factor for the effect of surface 

tension on the compressibility of small bubbles, and of 

the form: 

k 	= 	[(1 + 2cr/(3P.r + 4cr) ] -1/z. 	 6.6 

where r = radius of bubble, P = ambient pressure, 

41-  = surface tension, and k has a value ranging between 

0.82 and 1.0 for small and large P.r/(3-  values respectiv-

ely (56). 

6.2.2 	Features of the nozzles used. 

Fig. 6.1 shows a diagram of a long smooth nozzle (a 
Malutiactlerko 

detailed description of the rocedure has already been 

given in Section Lt.:)....4 ). 

The essential features that were critical to the 

6.3 

6.4 
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analysis and interpretation of the results are enumera-

ted below. 

1. The thickness of the base of the alumina crucible 

(i.e. the length of short, smooth nozzles) varied from 

one tube to another. 

2. It was extremely difficult to obtain a well-rounded 

profile because of the difficulty of access to the inside 

base of the alumina tube and the need for a conical section 

to seal with the stopper rod. 

3. In the case where a tube was used for more than one 

run the surface characteristics were found to have altered 

from the initial condition, it was necessary to widen the 

bore at the base of each crucible following each run to 

ensure that the metal stream came into contact with a clean 

alumina surface. The snag accompanying this was the al- 

teration of the entry profile and the 1/d ratios. 	These 

variations would certainly have affected the results. 

The accuracy of results did not permit the quantifi-

cation of the effect of small changes because of the mag-

nitude of experimental errors as already indicated in 

section 5.2. 

4. Since another tube was sintered to the base, there 

could have bean a flow disturbance at the base/extension 

interface; similarly although extreme precautions were 
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taken to ensure alignment, any small degree of misalign-

ment, which could not be completely ruled out, would 

have affected the flow pattern. 

5. 	Where rough nozzles were prepared the protuberances 

from the surface of the sintered alumina were found to 

be irregular. 	The mean height of roughness projections, 

e 	inside the nozzles varied between 0.1 and 0.3 

This meant that for a 2 mm diameter nozzle e/d 	0.2 

which is a very high value. These values were obtained 

by examining the cross section typical fired rough nozzles 

under the microscope (Figs. 4.16 and 4.17) 

6.3 EXPERIMENTAL EVALUATION OF NOZZLE ENTRY LOSS AND 

SKIN FRICTION. 

Since the nozzles used in this work were rough and 

did not have a smooth rounded entry it was not possible 

to estimate the entry loss or friction factor from theory. 

The results of Nikuradse on pipe friction experiments were 

graphically presented by Vennard (57). 	This is shown in 

Fig. 6.2. 	It can be seen that Cf values of about 0.1 

are to be expected for very rough pipes. 	Colebrook (58) 

obtained: 

1/(Cf)-2  - 2 log(d/e) = 1.14   6.7 

so that for die ^/5 (as obtained for our rough nozzles) 

Cf  "./ 0.16. 	(d = pipe diameter, e = equivalent sand grain 
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size of the surface protuberances). 

From the results on degassed iron and silver we 

obtain, on substitution into equation: 

(CD-2 
 - l) = 	+ 4C 1/d 

fm- 

the following results given in table 6.1. 	The simultan- 

eous equations obtained by the substitution of 1/d and CD  

values which are subject to experimental errors, will not 

normallyyielduniquevaluesofKL,Cal.Various values 

of C
fm 

were assumed to test the region where the most 

consistent values of KL  were obtained. 	The results for 

degassed silver in smooth alumina nozzles are presented 

in table 6.2. 

	 6.8 
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Key to Fig. 6.1 

1. Base thickness may vary 
from one tube to another. 

2. Sharp entry, following the 
drilling of a hole through 
the base. 

3. Chamfered but entry not 
well rounded. 

4. The alumina cement after 
firing (in situ) could pro-
ject into the nozzle bore 
thus causing excessive en-
try loss. 



3 
Refer to opposite page for key 

to numbers 

177 

2 

FIG.G.1 SEQUENCE OF THE PREPARATION OF A LONG 
NOZZLE ILLUSTRATING THE ANOMALIES 
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F1G.6.2 FRICTION FACTOR AGAINST REYNOLDS NUMBER 
WITH SURFACE ROUGHNESS AS A PARAMETER (57) 
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Key Run No. 1/d Re 
(x. 103) 

CD (CD
2  -1) 

SA 17 1.62 23.7 0.89 0.26 

SA 23 10.26 16.09 0.83 0.45 

1 SA 24 10.26 16.20 0.85 0.38 

SA 32 11.63 15.52 0.80 0.56 

SA 34 11.63 15.58 0.81 0.52 

SA 	9 9.56 20.85 0.69 1.10 
2 SA 	4 10.47 19.20 0.73 0.88 

B 	12 2.2 7.59 0.77 0.69 

3 G 	9 2.23 7.94 0.76 0.73 

C 	3 2.3 7.91 0.79 0.60 

P 	6 3.32 8.76 0.53 2.56 
4 G 	10 6.7 9.07 0.48 3.34 

Table 6.1 

DATA FOR THE ESTIMATION OF KL, C,rm  FOR DEGASSED METAL 

STREAMS IN ROUGH AND SMOOTH NOZZLES. 

KEY 

1. 

2 . 

3.  

4.  

Degassed silver in smooth alumina nozzles 

rough 	11 	 11 

11 	iron 	smooth 

11 	 It 	 11 rough 
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KL  - values 

Run No. 
Cfm 
assumed 

SA 17 SA 23 SA 24 SA 32 SA 34 

.002 .25 .37 .30 .47 .43 

.004 .23 .29 .22 .37 .33 

.0045 .23 .26 .20 .35 .31 

.005 .23 .25 .18 .32 .29 

.0055 .22 .22 .17 .29 .26 

.006 .22 .20 .13 .28 .24 

.01 .20 .04 -.03 .09 .05 

TABLE 6.2 

KL  FOR DIFFERENT Cal  FOR DEGASSED SILVER FLOWING THROUGH 

SMOOTH ALUMINA NOZZLES. 
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The following pattern emerges from the data presen-

ted in table 6.1. 

1. For the same type of nozzle the (CD
-2 

- 1) values 

obtained for degassed iron are higher than for degassed 

silver despite the lower 1/d ratios. 

2. For a given system - either degassed silver or iron - 

the (CD
-2 - 1) values for the rough nozzles are higher than 

for the smooth nozzles, because of the increased e/d ratio 

of the surface characteristics. 

3. While l/d varied between 1.62 and 11.63 for Ag - 0 

runs in smooth alumina the corresponding values of (CD
-2-1) 

only varied between 0.26 and 0.56 suggesting that the con-

tribution of the skin friction factor, Cfm  to the measured 

CD 
values was significantly lower than the contribution 

of the entry loss coefficient, KL. 
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Run No. 1/d Re3  
(x10 ) 

CD (CD
-2 -1) 

B 12 2.2 7.59 0.77 .69 

C 	3 2.3 7.91 0.79 .60 

G 	9 2.23 7.94 0.76 .73 

A 29 2.85 7.82 0.73 .88 

A 30 3.38 6.33 0.72 .93 .  

C 	9 3.39 7.46 0.74 .83 

TABLE 6.3 

DATA FOR THE ESTIMATION OF KL , Cfm  FOR DEGASSED AND 

NITROGEN-SATURATED IRON IN SMOOTH NOZZLES. 
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• For degassed silver the best equation for the dis-

charge coefficient was 

(CD  2  -1) = (0.23 = 0.03) + (0.022 = .001) 1/d .. 6.9 

so that KL  ^' 0.23 and C m e-' 0.0055. 	The consistency 

of the results is very good in view of the experimental 

accuracy in CD  measurement which is only about ± 6% rela-

tive. 

For degassed iron and nitrogen in smooth alumina 

nozzles the results are given in Table 6.3. 	All the 

nozzles were short so that it was possible only to esti-

mate mainly the loss in the entry. The CD values did 

not vary much beyond the experimental limits of accuracy. 

From the data we can condlude only that for nozzles of 

l/d ^a 2.2 

(KL  + 4Cfm  1/d) t-N-,  0.7 

The results on the combined loss due to the entry and 

to friction in short nozzles were of course vital in 

estimating the corresponding cases in flows with nuclea-

tion since nucleation was assumed not to occur in the 

nozzle entry. 

Although it is regrettable that measurements of C. 
tm 

were not made, they would not have been very useful in 

trying to estimate Cfm  in bubbly flows where the friction 

factor must be affected by the nucleating and growing 

bubbles. 
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Run NJ. lid Re, 
(x 10-3) 

CD (C
-2 

-1) D 

G1 5.0 5.63 0.39 5.57 

Gil 5.79 8.27 0.45 3.94 

E4 5.89 6.77 0.41 4.95 

P3 5.98 4.57 0.39 5.57 

C12 5.31 7.94 0.47 ,.,. 	- 	, . 	.:_ 

aY.,,  6.3(a) 

nt7, fo 	h:2 03t17.ation of 

alumina nozzles, usirlg degassed and ilitrogan 

saturatarl steams. 

f. 
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- values 

Run No. 

assumed 

GL Gil E4 133 G12 

.2 	• 1,57 - 	.69 .24 .79 .67 

.15 2.57 .47 1.42 1.98 0.88 

.1 3.57 1.6 2.6 3.56 2.15 

.08 3.97 2.09 3.07 3.66 2.67 

.05 2.73 3.77 4.57 	- 4.3-/ 3.41 

Table 6.3(h) 

K values for different assumed C, for rough alumina Lra 

nozzls using (-Ignssd and nit,-ogan-saturated iron streams 
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Run No. 
_ 

lid 
- 

Pv , 
Cr:ai-1g ) 

6- P& 
(mm Hg 

CD 

- 

Pe 

(11111Hg) 

G2 5.0 10
-3 786 0.34 160.3 .59 

G3 5.0 1.5 791 0.35 141.4 .49 

G5 5.0 1.0 790 0.33 179.2 .69 

P5 8.3 10
-3 792 -0-30 175.2 .82 

Table 6.3(c) 

Estimated ratio of volumetric fluxes at nozzle exit for 

c."-H flowing through rom51:a alualina nozzles. 

Cfry, 	0. 	K L  r\- 3 .0 
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Photographic observation of the Fe-H streams showed 

that the break-u? of Fe-H flowing through the rough 

nozzles was more vigorous than through the long, smooth 

nozzles. 	Fig. 6.3 (a,b). 

The CD- values are extremely low and most consistent 

with KL- value of r-N.d 3.0 and Cfm,.., 0.1 (Tables 6.3 a,b). 

Tables 6.3 . (c) and 6.4 contain the estimated ratios of 

the volumetric fluxes at the nozzle exit for Fe-H flowing 

through rough and long smooth nozzles respectively. 	These 

confirm that the sas released at: the nozzle exit :7s• greater 

in the former case. 

The -r-aw data for the 	 and degassed molten 

iron in rough nozzles are .contained in the appendix, 

(pages 226, 227 and 231 respectively). 	Tt is apoarent 

from thesedata that the behaviour. of the Fe-N, Fe-H sys 

tams are significantly different from the CD measliT-ements. 



184 

The data for the rough alumina nozzles are given 
b.3 Lg.) p 66) 4.9i CO 

in Tables isv  for molten iron. 

The reasons for the high R. and Cfm  values for 

molten iron flow are not understood. 

The values ob-

tained for silver, which are in line with expectations, 

suggest that the timing, measurement of nozzle diameter, 

and other experimental tasks were properly carried out. 

These results demonstrate that in the rough nozzles  

the flow characteristics were too poor to be used as a  

basis for modelling flow in lamer nozzles. 

6.4. ESTIMATION OF THE VOLUMETRIC RATIO OF GAS FORMING 

IN NOZZLES. 

The work of Mizoguchi (7) has been reviewed in 

section 2.1. 	Of particular interest is his experimental 

observation that the static pressure at the nozzle exit 

for the choked flow was higher than and nearly indepen- 

dent of the chamber pressure. 	In his system pressure re- 

mained at about 200 mmHg when the chamber pressure was 

varied between 10 and 100 mmHg. 

In our system the gas volumetric ratios at the 

nozzle exit were estimated using equ. 6.4 and 6.5 since 

no direct exit pressure measurements were practicable. 
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The gas volumetric ratios for Fe - H are given 

in Table 6.4 for smooth nozzles. 	The calculations 

indicate the the flow was choked in the smooth nozzles. 

Photographic observation of the streams showed that 

there was vigorous break-up. 
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Run No. 1/d 
- 

P 
(mAg) 

AP.. 
(mmHg) 

C _D 
P* 

(mm4)  ,S*e 

D 3 

E 3 

P 4 

E 2 

2.44 

5.06 

7.68 

8.01 

8.9 

A3 3  0.1 

1 

10
-3 

12 

10
-3 

783 

790 

788 

780 

791 

0.69 

0.63 

0.59 

0.56 

0.59 

69.7 

116.9 

143.7 

179.2 

136.25 

0.06 

0.13 

0.18 

0.25 

0.17 

TABLE 6.4 

ESTIMATED RATIO OF VOLUMETRIC FLUXES AT NOZZLE EXIT FOR 

Fe - H FLOWING THROUGH SMOOTH ALUMINA NOZZLES. 

0. 01 	0.0 
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The same argument may be extended to the Fe - C - 0 

system. 	This mainly exhibited homogeneous bubbly flow 

as illustrated with Fig. 5.2 The results of the cal- 

culations confirm choking. 	Tables 6.4 and 6.5 also 

confirm the better break-up of the Fe - C - 0 than the 

Fe - H systems in the same type of nozzle. 

Table 6.6 contains the data on the estimated ratio 

of the volumetric fluxes at the nozzle exit for Ag - 0 

system flowing through smooth alumina nozzles. 

The average S*e  value obtained by Mizoguchi for 

Ag - 0 flowing through Nimonic 75 nozzles '' 0.20 

compared to an average value of 0.35 in our system. 

The results can only be compared with caution 

since the nozzle materials differ very widely in 

both cases. 	Tables 6.4, 6.5 and 6.6 also indicate 

that break-up improves with increasing 1/d ratios. 

Too far-reaching conclusions cannot be made because 

of the rather narrow range of 1/d covered in the 

current work and the sensitivity of the estimated 

g* values to the nozzle constants. 
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Key Run No. 1/d PV  

(mmHg) 

APt 
(mARA 

CD 
- 

P-e 
(mmHg) 

sre 

- 

C 5 1.86 1.0 781 0.53 236.1 .36 

B15 2.34 2.0 781 0.50 251.7 .41 

C10 2.58 10
-3 782 0.57 195.1 .33 

1 B4 3.0 0.2 781 0.49 264.3 .47 

ST9 7.03 1.0 774 0:50 235.0 .41 
LSN 
ST7 7.85 1.0 784 0.51 225.2 .37 
LSN 

B 9 1.89 0.2 788 0.51 251.8 .42 

2 B 5 2.3 1.0 777 0.51 250.0 .42 

B 8 3.3 0.2 785 0.56 201.0 .27 

TABLE 6.5 

ESTIMATED RATIO OF VOLUMETRIC FLUXES AT NOZZLE EXIT FOR 

Fe - C 0 SYSTEMS FLOWING THROUGH SMOOTH ALUMINA NOZZLES 

KEY 

Iron saturated with 9600 - 4 CO2 

2. 	Iron saturated with 92C0 - 8 CO2 

o •6 
	

J- 
	o•o 
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Run.No. 1/d 

-- 

P 

(mmHg) 

AP 
t 

(mmHg) 

C
D 
_ 

P*
e 

(mmHg) 
S4 e 

SA 14 1.62 10
-3 

787 0.60 256.2 0.30 

SA 18 7.67 1.8 784 0.63 208.9 0.23 

SA 26 8.52 1.0 794 0.60 232.7 0.27 

SA 27 8.52 1.0 788 0.58 247.0 0.31 

SA 33 11.63 0.16 799 0.55 262.7 0.37 

SA 10 13.68 1.7 785 0.51 281.1 0.46 

SA 20 14.93 1.0 783 0.50 285.9 0.49 

SA 22 14.93 1.0 787 0.54 256.6 0.38 

TABLE 6.6 

ESTIMATED RATIO OF VOLUMETRIC FLUXES AT NOZZLE EXIT FOR 

Ag - 0 FLOWING THROUGH SMOOTH ALUMINA NOZZLES., 

C!0.00ss 
AA, }<1 

	
0 
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6.5 GENERAL REMARKS ON THE DIFFERENCES IN THE BEHAVIOUR 

OF THE DIFFERENT SYSTEMS INVESTIGATED. 

This section contains a general discussion of 

the arguments to explain the different behaviours between 

the Fe-H, Fe-N, Fe-N-S, Fe-C-0 systems. 

6.5.1 	Nozzle Roughness. 

The reason for the decision to carry out experiments 

in rough nozzles was to impose conditions nearer to indus-

trial situations as far as actual surface structure was 

concerned. 	The arguments in support of heterogeneous 

nucleation on solid walls, and in particular the work of 

Davies et al-on the importance of refractory cavity size, 

have been reviewed in Section 2.2. 	Bradshaw has shown 

that for heterogeneous nucleation on a flat surface in 

the molten steel-hydrogen system a contact angle as high 

as 100 - 150°  only allowed trivial reductions over the 

requirements for homogeneous nucleation, but that a 

cavity radius of /NJ 10
-3 

cm would only require a super-

saturation of 1/2-2 atmosphere at contact angles P\-' 90°. 

A physical model of a nucleation sequence has been 

considered as illustrated with Fig. 3.4. 	This provides 

information on the interrelationship between the cavity 

radius (R ), embryo radius (re), stable bubble nucleus 

(r6), alid the saturation pressure (Pb). 	It can be shown 

that 2R
c 
=rc  -‹ 1c  where lc 

 is the depth of the cavity, 
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for stable bubble nuclei to be produced, a condition 

more favourably met by a rough nozzle with deep 

cavities. 

From Table 6.7 the average calculated exit pressure 

for Ag-O in smooth alumina nozzles = 253.5 mm Hg. Ob-

viously nucleation would have commenced further upstream 

where the local pressure would be higher. 	Considering 

Run SA 22, which is typical of this series, and substit-

uting for Cfnothe local pressure == 413 mm Hg at the 

start of the parallel section. 	Assuming the depth and 

radius of the active cavities, and the size of the bubble 

nuclei are all close to the minimum then 1 ,-ths,  2R
c 

and 

r
o 	

r
c
, and substituting into 

r 
o 25- /PI) 	Plocal 
	 6.7 7  

the saturation pressure, Pb 
and local pressure, P

local 

r
o
/NJ 3 x 10

-3 cm, and
c 

/-\-, 6 x 10
-3 

cm. 

where P
b 
- 

Plocal 
becomes smaller as in the event 

of a smaller degree of supersaturation, R
c 
and I

c 
would 

have to be correspondingly higher for stable nuclei to 

be produced. 	This is the basis for the use of rough 

nozzles. 

In the case of molten iron saturated with hydrogen 

where G-  = 1750 dynes/cm and the maximum value of Plocal 

370 mm Hg the value of 1
c 

would need to be at least 

1.3 x 10
-2 

cm. 
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The typical gas content in industrial plants has 

been given earlier (Table 3.2) and discussed in section 3. 

It is apparent that these are below the saturation level. 

The fact that such streams do break up may be partly ac-

counted for by the availability of numerous deep cavities 

on the nozzle wall (Table 3.3). 	It is however appreciated 

that there would be a cavity size above which the molten 

iron will penetrate into the crevice and therefore be 

rendered unsuitable as a nucleation site. 	The rough 

nozzles were sectioned for close microscopic examination 

and there was no evidence of chemical attack or metal 

penetration via any available open pores. 

It is significant that while little break-up occur-

red in the smooth nozzles with Fe-H, the same system 

gave vigorous break-up in rough nozzles kFig. 6.3). 

The work on rough nozzles has illustrated the com-

plexity of the interplay between the laboratory experi-

ments and the industrial process, and the caution demanded 

while applying results of model studies to industrial 

problems. 

6.5.2. The effect of l/d ratio of nozzles, and surface 

tension. 

The surface tension of Fe - H is high (G- = 1750 

dynes/cm) since hydrogen is not a surface active ele-

ment and the-  requirement for large cavities had to be 
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met before hydrogen would nucleate vigorously. 	The 

probability of having an occasional cavity meeting this 

criterion increases with high l/d ratios. 	This may 

well explain the fact that the nucleation of hydrogen 

on the smooth nozzles further decreases with shorter 

nozzles. 	However, in work at room temperature with 

smooth nozzles, and with no possibility of there being 

any large cavities (9), increasing 1/d ratio does appear 

to increase the amount of bubble nucleation. 	This ef- 

fect may be the result of increasing turbulence as l/d is 

increased. 	Eddies resulting from turbulence may well 

cause regions of low pressure and thus enhance hetero-

geneous nucleation. 

The results presented in Tables 	6.4 and 6.6 

suggest that nucleation intensity increases with 1/d 

ratio. 

In the Fe - C - 0 system the surface tension was 

lower due to the presence of dissolved oxygen (this is 

further discussed later). 	The cavity size requirements 

will be less stringent and this may partly explain the 

difference between the Fe - C 0 and Fe - H systems in 

the same type of nozzles. 

The solubilities of nitrogen, hydrogen and C - 0 

in molten iron at 1600°C under some of our experimental 

conditions are presented in Table 6.7. 	Fig. 6.4 illus- 
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trates the relative appearance of typical Fe 	N, Fe - H, 

Fe - C - 0 systems. 

6.5.3. 	Solute diffusivity. 

The Fe - N system did not break up in either smooth 

or rough nozzles. 	As shown in table 6.7 	the solu- 

bility of nitrogen in iron is about the same as that of 

hydrogen when measured in moles/cm
3
. Although the Fe - N 

did not break up in rough nozzles and at tank pressures 

down to 10
-3 

mmHg vigorous break-up was obtained with 

Fe - H in rough nozzles. 	This suggests that apart from 

nozzle roughness, other conditions must be simultaneously 

satisfied for nucleation to occur. 	Since nitrogen has 

a greater effect than hydrogen in lowering the surface 

tension of molten iron, nitrogen will be expected to be 

at an advantage. 	Since the residence time of the stream 

in the nozzle is small (velocity N 250 cm/sec., residence 

time c 4 m sec.) the low diffusivity of nitrogen into the 

cavities at the refractory surfaces may explain the dif-

ference between the Fe - H and Fe - N systems. 

6.5.4. 	Effect of surface active elements. 

The work of E1-Kaddah (32) demonstrated the super-

saturation pressures at which homogeneous nucleation 

can occur depends on the oxygen activity in the Fe - C - 0 

system and also on the presence of oxygen in the Fe - N 

Srsuem. 	At low oxygen activities, defined by 
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P
co 

/P
co 
< 	. 03 the critical supersaturation required 

2 
becomes greater than. 20 atmospheres. 

The work requirement for the formation of a critical 

sized new phase in metastable equilibrium with an existing 

one is of the form 

AF* = 1/3 CA*   6.8 

AF* = critical work 

A* 	= surface area of the critical nucleus 

a- 	= 	effective surface tension. 

The nucleation frequency of a critical sized nucleus is 

related to AF*. 

I a exp (-AF*/kT)   6.9 

Thus nucleation frequency is a fu.riction of the surface 

tension. 

The addition of 0.1 wt.-% sulphur to the Fe-N system 

was designed to test whether lowering of the surface ten-

sion alone would significantly improve the nucleation 

frequency as to bring about improved break-up. 	Fig. 6.5 

shows the surface tension of iron at 1500°C in the presence 

of S, 0, N, P, C. 

Sulphur has a negligible effect on the solubility of 

nitrogen in molten iron. 	e- 11  = 0.013 so that for an 

0.1 wt-% sulphur addition the value of fs14  = 1.003 

Fig. 6.6 shows the relative appearance of (a) Fe - N, and 

(b) Fe - N - S flowing through long, rough nozzles. This 
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shows that the addition of sulphur, despite its effect 

in lowering the surface tension, does not aid stream 

break-up. 	From this observation it can be concluded  

that the presence of a surface active element with the 

accompanying lowering of surface tension is not necessar-

ily significant in the heterogeneous nucleation of the  

gas phase. 

El-Kaddah (32) studied in a levitation cell nuclea-

tion in Fe - N with N2 
saturation pressures of 100 atm. 

which was equivalent to Fe - C 0 (92C0-8CO
2
) in terms 

of lowering of surface tension. 	He observed no homo- 

geneous nucleation. 	Levine (60) has suggested that 

oxygen probably plays a significant role in gas bubble 

nucleation in molten iron and this has been confirmed 

by El-Kaddah. 

Some runs were carried out with CO - CO2 
mixtures. 

The Henrian activities of some of these mixtures in 

molten iron at 1600°C are tabulated in Table 3.1. 

In the sixth column of the same table the teLid (h 
c 
 /h 

o
) 

/D )2  is also given. 	From the stotometry of the 
c o 

reaction C+ 0 = CO, 12 grams of carbon will be expected 

to react with 16 grams of oxygen at the reaction inter7 

face. - Therefore the ratio of C/O in the bulk, should be  

equal to 0.75 for equimolar concentrations of oxygen and 
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carbon in the melt, and this corresponds roughly to 

93.5 CO - 6.5 CO2. 

The major problem with the Fe - C - 0 series was 

the attack on the crucible as discussed in section 4.5. 

This would have permitted a clearer understanding of 

the role of increased oxygen potential in break-up. 

It is significant that within the limited range covered 

some light is shed on the importance of oxygen activity: 

the less oxidising 98C0 - 2C0
2 
mixture produced less 

break-up than obtained with 96C0 - 4C02 mixture, other 

conditions remaining constant. 	However, there is no 

significant difference between iron saturated with 

96C0 - 4C02 
and 92C0 -8 CO

2 
gas mixtures (Table 5.1.). 

The later observation may be due to the fact that 

the excess surface concentration of oxygen is nearly 

constant above 0.04 wt.-% which corresponds to about 

96C0 - 4CO2. 

Hence from the qualitative observations of the  

relative effects of nitrogen, sulphur and oxygen on  

heterogeneous nucleation in molten iron it can be  

suggested that the amount and nature of the adsorbed 

molecules on the malt surface has a significant effect  

on the nucleation event. 
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Diffusing species H N 

96C0 - 4C07 

0 	C 

98C0 - 2C02 
0 	C 

Solubility in 
Iron at 1600°C 
(wt-%)(10-3) 2.68 45.04 51 	39.8 24.8 	82 

Diffusion co-2  
efficient (cm / 
sec) 	(155) 150 6-8 5.2 	41.2 5.2 	41.2 

Source of data 20c 20c 59 	59 59 	59 

Table 6.7. 

SOME PHYSICAL PROPERTIES OF SOLUTE ELEMENTS RELEVANT 

TO THEIR DISSOLUTION IN MOLTEN IRON AT 1600°C 
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FIG. 6.3 

(a) HYDROGEN-SATURATED IRON STREAM FLOWING THROUGH 
A LONG, SMOOTH ALUMINA NOZZLE. 	P•.Ot4 

(b) HYDROGEN-SATURATED IRON STREAM FLOWING THROUGH 
A LONG, ROUGH ALUMINA NOZZLE. 	gOt.1 PS. 



FIG.6.3 

(a) 
	

(b) 
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FIG. 6.4 

(a) NITROGEN-SATURATED IRON STREAM FLOWING THROUGH A 
LONG ROUGH NOZZLE. 	RUN aril. 

(b) Fe-C-0 STREAM FLOWING THROUGH A SHORT, SMOOTH 
NOZZLE. OWN el?. 

(c) HYDROGEN SATURATED IRON FLOWING THROUGH A LONE, 
SMOOTH NOZZLE. 	ila4 

FIG. 6.6 

(a) Fe-N-S STREAM FLOWING THROUGH A ROUGH NOZZLE. itA9N 

(b) Fe-N STREAM FLOWING THROUGH A ROUGH NOZZLE.R.UN a31- 
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2000 

P 

, 1750 
I 
E u 
0 0 c 
0 

ve.o....,  1250 

ATOMIC% EQUIVALENT WT.% 

S 	1 0.73 

0 1 0.44 

N 1 0.40 

1 

•05 

1 1000 	 
0 •10 	 •15 

ELEMENT ATOM °/0 

FIG.G-5 EFFECT OF THE ADDITION OF SOME SOLUTE ELEMENTS 
IN IRON AT 1550°C ON SURFACE TENSION ( 20 ) 
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6.5.5. Fluid dynamic effects. 

The work of Min et al.(9), Eisenklam and Hooper(8) 

has been reviewed in section' 2.1. 	Their results show 

how stream break-up may occur as a result of phase changes 

from liquid to vapour and/or turbulence. With a view 

to testing whether the behaviour observed in this work 

can be correlated in the same category as that of the 

work mentioned above, the Reynolds and modified cavitation 

numbers of our streams have been calculated. 

The detailed experimental results are presented in 

the appendix. 	There was no distinct pattern into which 

the flow with different gases could be classified in 

terms of modified cavitation number. 	The modified 

cavitation and Reynolds numbers of some runs are given 

in. Table 6. 8. 	The modified cavitation numbers 

of runs B.15, C.10 are respectively 9.1, 8.0; whereas 

these streams exhibited homogeneous bubbly flow, the 

Fe - N systems - Runs G.11, G.12 - with Ca = 28.1, 

36.2, did not break up. 

According to Min et al. in their system, for 

Ca < 9, metastable single phase flow.; 

9 ‹: Ca < 15 unstable flow; 

15 < Ca‘ < two phase flow; 

where Ca 	is as defined by equ. 2.4. 
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RunNo System Nozzle Modified Diameter Comments 
type cavitation 

number, Ca 
Reynolds 
number, 

Re 

(observa-
tion) 

G 2 Fe-H Rough 42.5 5.32 Break-up 

G 3 Il II  42.0 5.22 IT 

G 5 I/ II  46.9 4.74 ii 

Gll Fe-N IT 28.1 8.27 No break- 
up 

E 4 If If  34.9 6.77 II 

C 6 ?? 11 20.8 7.08 ft 

G12 ii I/ 36.2 7.94 7/ 

B15 Fe-C-0 Smooth 9.1 5.04 Break-up 

C10 ” if 8.0 5.70 II 

TABLE 6.3 

THE REYNOLDS AND MODIFIED CAVITATION NUMBERS OF TYPICAL RUNS. 
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6.5.5(a). Rayleigh break—up, secondary and multiple  
nucleation. 

One of the main criticisms of Warner's work (5) 

was the difficulty in interpreting the cause of his 

observed stream break-up as the nozzle exit was not 

visible and observation was limited to between 9 - 22 cm 

downstream of the nozzle exit. 	Secondly he used porous 

nozzles which were conducive to entrainment of residual 

gas in the stream. Hence it was difficult to ascertain 

whether the locally observed break-up was as a result 

of gas entrainment, fluid dynamic effects or spontaneous 

nucleation of gas bubbles on the nozzle wall. 

In our system the nozzle was not porous and we 

were able to observe up to 30 mm of the lower end of 

the crucible (in the case of short nozzles), the nozzle 

exit and up to 300 mm downstream. It was therefore 

possible to make the following observations: 

1. 	Although the degassed nitrogen-saturated iron 

streams ware continuous at the nozzle exit they exhibited 

Rayleigh break-up downstream (Fig. 5.1 (a), (b)). 	This 

is believed to be a fluid dynamic effect as discussed 

in section 3.5.2. 	A typical appearance of Warner's 

stream is illustrated in Fig. 5.1(c) from which it 

becomes apparent that the origin of the break-up in our 
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system would have been a matter of conjecture if the 

nozzle exit were not visible. 

2. Secondary nucleation featured prominently down- 

stream. 	It commenced, in most cases, in the immediate 

region of the collapse of the large gas bubbles. 	These 

bubbles were unstable and relatively shortlived and did 

not contribute significantly to stream break-up (Fig.6.8). 

The secondary nuclei were probably gas "pockets" trapped 

in the stream as it collapsed back after bubble bursting. 

3. Multiple nucleation and 'satellites' were also 

frequently observed. 	The satellites were bubbles which 

grew on the expanding film of the primary bubbles. 

The satellites grew at the expense of the main bubble 

and when both were about the main size they burst explo-

sively, resulting in vigorous stream disintegration 

(Figs. 6.9). 

These observations illustrate the variety of 

reasons causing break-up and hence the need to be able 

to observe the nozzle exit and a substantial length 

downstream before correct interpretation of the origins 

of break-up could be made. 	The design of an apparatus 

to allow the attainment of this objective was the main 

feature of our design philosophy. 
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6.5.6. Droplet formation following the collapse of gas bubbles. 

The formation of droplets following stream break-up 

due to the collapse of gas bubbles downstream provides 

the most effective path for degassing. 	This is due to 

the large surface area created and exposure of the droplets 

to the vacuum. 	shows the explosion of a single 

bubble and the resulting metal fragmentation. 	In our 

system the time available for fall wasr0.4 seconds. 

Bradshaw and Richardson (20b) 	considered the case 

where circulation within individual droplets died down 

in the vacuum and calculated the fraction of materials 

2--  
transferred as a function of [Dt/R2 ]

2 
 , where R is the 

radius of the drop; D the diffusion coefficient and t 

the time. 	Their results, discussed in section 2.2., 

demonstrate the importance of droplet size. 

In our work detailed size analysis was not practi- 

cable due to the coalescence of the droplets. 	However a 

few measurements were made on the cine film and these 

were supplemented by sieve analysis of typical powders. 

In one particular run - G3 - the powder analysis yielded 

the results shower in Table 6.9 . 

Since it was not practicable to collect all the 

powders, comparison between the various systems and the 

effect of small variations in tank pressure in the r-arl-r- 

10
-3 

- 4 mm'ag, weve not possible. 
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The results of the powder analysis suggest the 

feasibility of powder production via this route parti-

cularly if an oil stable at low pressures was employed 

as a quenchant. 
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Sieve size 
(microns) 

Cumulative weight 
of powder through 
sieve (grams) 

Cumulative per-
centage of the 
total free pow-
der. 

105 3.7 3.7 

250 9.8 9.9 

353 13.2 13.4 

500 21.4 21.7 

599 34.7 35.2 

700 41.0 41,5 

1000 52.8 53.2 

1500 74.2 75.2 

2000 98.7 100 

TABLE 6.9 

ANALYSIS OF TYPICAL POWDER RESULTING FROM STREAM BREAK-UP. 

* The total mass of charge was 315.5 grams. 	Only 98.7  

grams were collected as free powder while the balance 

coalesced in the plumbago collector. 
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6.6. 	KINETICS OF BUBBLE GROWTH AT REDUCED PRESSURES. 

6.6.1. Introduction. 

If a gas becomes saturated in a solvent a bubble 

may nucleate at cavities in the solid container. 	Bubble 

nucleation and subsequent growth have been the subject of 

many theoretical (36)(38)(61)(61a) and experimental inves- 

tigations (37)(61)(61a)(62). 	These authors have consi- 

dered the effects of ambient pressure, liquid inertia, 

viscosity, surface tension and transport of heat and 

volatile material through the liquid to the surface on 

bubble growth. 

Little experimental work has, however, been reported 

on gas bubbles growing in molten streams discharging into 

regions of reduced pressure. 	This section is concerned 

T;iith a brief description of observed bubble growth in our 

system during all but the earliest stages. 

6.6.2. Experimental technique. 

Typical processed films were analysed by projecting 

the images into a smoked glass screen of a movie analyser 

using the diameter of the bottom part of our alumina 

crucible as the reference dimension. 	The time lapse 

between successive frames was evaluated either by means 

Of the timing marks on the edge of the film or was esti-

mated by the method described below: by noting the 

position of the section in which the measurements w---e to 
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be carried out and using the typical film speed - footage-

driving voltage curves supplied with the camera. 

Isolated gas bubbles were selected to avoid any 

overlap between adjacent growing bubbles competing for 

dissolved solutes. 	For spheroid bubbles the radius 

was taken as half the arithmetic average of the two 

main axes. 	The zero time was taken as that corresponding 

to the frame on which the appearance of the bubble was 

first observed. 	In most cases the gas bubbles only 

became large enough ((v 2mm) to be detected after travel-

ling several nozzle diameters downstream and then rapidly 

grew to the maximum size 	30 mm diameter before bursting. 

In this region bubble sizes were measured and the growth 

constant, as defined by Scriven (36)1  deter: 

6.6.3. Results. 

Winterton (62) developed a quantitative expression 

for predicting bubble size on detachment from nozzle 

crevice in a flowing stream: 

r = Cd [F(9) 	Rem  
We 

..... 	6.10 

n, m, C are constants depending on the initial bubble 

size relative to the pipe diameter, d; We, Re are ;:giber 

and Reynolds numbers based on nozzle diameter ;  F( e ) is 

related to the contact angles between the solid wall =41-1d 
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Notes on the validity of the application of Scriven's 

Law to the gas bubbles surrounded by a film growing in a 

narrow stream in the vacuum chamber. (Ref. Fig 5.6).. 

Assumptions  

1) The bubble grows from within a cylindrical stream element 

of diameter and height 0.2 cm respectively, the average 

diameter of our nozzles. 

2) The bubble is spherical with maximum diameter of ,.10mm 

(see Appendix A.2: BG14, 15, 16, 17, 18). 

3) The pressure inside the bubble is entirely due to that of 

nitrogen ,v 20 mm Hg, the typical chamber pressure at the end 

of the run. 

4) The mean temperature remains constant at ̂ i 1600°C. 

Assuming that the stream element is nitrogen saturated 

at 1 atm. pressure its mass of "i 4.5 x 10-3 gram. contains 

,̂ 2.2 x 10
6 
grams. N. Applying the gas laws the mass of 

nitrogen inside the bubble cu 2.5 x 10-6 gram. 	Thus 

CCU. of the original nitrogen content of the film had been 

transferred inside the bubble. 

Since the liquid film surrounding the bubble must contain 

nearly the initial concentrationTScriven's Law is applicable to 

describe its kinetics
) 	ct6tor 6kat-- 44L /--aks 

ctA 	be 40-ed jour Ear h h (G- 

invei 
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detaching bubble (62). 	Considering the case F ( 9 ) 

at its maximum value of unity and substituting typical 

values of Re ^/104, We 	(1 ,-Ni 1.5 wm, the initial 

- 
bubble size on detachment to the stream, Ro "/ 5 x 10

3 
 cm. 

Tables 6.10 - 6.11 contain typical data obtained 

for the growth of CO, and N2  bubbles at a chamber pres- 

sure of /1/4/20mmHg. 	Figs. 5.5, 5.6 show the relative 

bubble sizes; the plots from the data satisfy the general 

relationship R a t2  as shown in Fig. 5.7, 5.8, and by 

taking the average slope of the several curves (data 

given in appendix) a value of 256 z 39, 170 z 26 (mm sec2) 

was obtained for CO and N2 bubbles respectively, and the 

estimated growth constant5were also 888 z 133, 448 z 67 

respectively. 

6.6.4 Discussion.  

In the general case the equations of continuity and 

motion can be combined in the form 

	

Pbubble - Pao = APv 
AP
I 

-4- AP   6.11 

where 

	

APv  = 4.ILLR/R   6.12 

	

APT  = eLci. 4. (3/2)R
2 

   6.13 

	

AP = 2cr/R   6.14 

Equations 6.12, 6.13, 6.14 denote the pressure constraints 

against bubble growth due to viscosity, inertial and surface 
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tension respectively. 

Since our curves satisfy the general relationship 

R
2 
= At during the later stage of bubble growth (A is 

a constant experimentally determined) by differentiating 

R with respect to t it can be shown that 

API  = (e/2):A/R)2    6.15 

This illustrates that the effect of the inertial forces 

is inversely proportional to the square of the bubble 

radius, suggesting diminishing inertial effects as growth 

continued. 

Considering a bubble radius of 1.0mm, close to the 

size first observed in the stream and substituting the 

experimental value of A = 164 cm
2
/sec. in equation 6.15 

AP AP are approximately 45 and 8 mm Hg. respectively. 
a- 

This indicates that the inertial effect may still be 

very important in this region of bubble growth. 

Dimensionless quantities are normally used to 

quantify the relative importance of the dominant effects 

controlling growth: 	a surface tension parameter, 

= 2(r/R(PSat 
03  

- P ). 	In our systems 	varies between 

0.65 for R
o
Ai 5 x 10 cm in the choked nozzle with up-

stream pressure at 300 mm Hg.and 0,013 in the region of 

bubble observation where R A/1.5 x 10
-1cm, AP:v 760 mmHg. 

The effect of decreasing 	is to reduce the effect of 

surface tension in slowing down the initial stages of 



214 

bubble growth. The parameter B is a measure of the 

relative significance of diffusion and inertial effects 

and combines the effects of the Jakob number, Ja and 

the ratio: available pressure driving force/driving 

force due to diffusion. 	For B << 1 the process would 

be diffusion 

be expected 

controlled whereas for B ,7>. 1 growth 

to be inertia controlled. 

21/2 

would 

T3 = Ja/G  	(6.16) 

Ja = AC/D2 G  	(6.17) 

G = Ro
2AP/ e

L
D
2 

 	(6.18) 

where AC = C - Csat' 
R
o 
= initial bubble radius, 

D = gas diffusivity, eL  = liquid density. 	For our 

growing bubbles the estimated value of Br%) 2.1 x 10
4  

suggesting again that the inertia effect was significant. 

Viscous forces are apparently negligible in view of 

the very low values of Sc/ fG ry .02. 

The growth constant predicted by Scriven law is 

given by: 

= (Ei/e)[(cb- csat)/(1 	csat)]   3.45 

where Cb,  Csat' 
expressed in gram of solute per gram of 

solvent, corresponds to the solute conc. at partial 

pressure of 1 atm and ZommHg respectively. 	An average 

partial pressure of 20 mmHg may be assumed inside the 

expanding bubble without much error. 
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( eLl  Qg) N 1.49335 x 10
6 
for both N2 and CO at 

1600°C, 20 mmHg. 

The diffusivities of C, 0 and the h c  , ho  corres-

ponding to 96C0-4C02 
in iron are given in Table 6.7 

since hc na ho 
but Dc >> Do

, it may be assumed that 

the transport of oxygen is rate controlling. 

Equ. 3.4, 3.15 may be used to evaluate C 	(N) C 	(0) sat 	' sat — ' 

and hence (Cb 
- Csat 

 )(1 - Csat)-1  substituting these in 

equ. 3.45 p ~560, 760 for N2, CO respectively, compared 

with the experimental values of 448 i 67, 888 + 133. 

Although the agreement appeared good it should be 

pointed out that the evaluated p-value, which is a 

function of (?L /eg) ' is very sensitive to small changes 
in pressure inside the bubble particularly at very low 

pressures. 

6.6.5 Conclusion. 

For the growth of spherical gas bubbles in iron 

saturated at 1 atm pressure and discharged into an envir-

onment at a pressure of r)20 mmHg., the growth rate of 

the bubbles is controlled by liquid inertia in the 

early stages. 	Later growth is controlled by liquid 

diffusion of the solute gas. 
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BGT 	BG10 	BG12 t2  

BUBBLE 	DIAMETER 	2R 	(mm) 
.3,-. 

(sec 2) 

3.30 3.32 4.80 0 

5.20 4.71 7.08 .022 

7.52 6.47 9.07 .032 

9.37 8.05 11.09 .039 

11.32 9.14 12.09 .045 

12.04 10.74 13.27 .050 

12.97 11.67 14.66 .055 

14.71 12.90 16.12 .059 

15.99 14.13 16.73 .063 

16.70 15.15 17.52 .067 

17.33 16.05 18.88 .071 

18.72 17.24 19.60 .074 

19.27 17.86 20.32 .076 

20.32 18.72 21.41 .081 

21.00 19.44 22.27 .084 

22.11 20.32 22.99 .087 

22.85 21.41 23.87 .089 

23.78 22.16 24.87 .092 

24.80 22.92 25.22 .095 

25.52 23.50 26.31 .098 

26.40 27.03 .100 

26.89 27.96 .103 

27.82 28.81 .105 

28.54 29.19 .107 

29.14 .110 

Ta 	6.10 
Typical data on the.  kinetics of carbon monoxide bubble 
growth in molten iron discharging into a vacuum atA/20 mmlig 
pressure. 
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BG15  BG16 BG17 Run No 

BUBBLE 	DIAMETER 	2R 	(mm) 
(t)' 	2„., 
(sec t) 

3.74 	• 6.24 3.94 0 

7.89 7.26 7.87 .020 

9.91 7.84 9.86 .028 

10.72 8.19 10.32 .035 

11.07 8.49 10.90 .040 

11.76 9.26 11.16 .045 

12.04 9.37 11.97 .049 

12.71 9.86 12.09 .053 

13.91 10.35 12.92 .057 

14.13 11.11 13.76 .060 

14.42 11.41 14.34 .063 

15.36 11.48 .066 

12.34 .069 

.13.20 .072 

14.08 .075 

14.71 .077 

14.99 .080 

15.78 .082 

15.85 .085 

16.22 .087 

TABLE 6.11 

Typical data on the kinetics of nitrogen bubble growth 

in molten iron discharging into a vacuum at x.20 mmHg 

pressure. 
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FIG. 6.8 

(a), (b) 

EXAMPLES OF A BURSTING GAS BUBBLE AND THE RESULTING 
DROPLET FORMATION. R. 	EB. 

FIG 6.9 

AN EXAMPLE OF A SECONDARY/MULTIPLE NUCLEATION. RUN g3. 
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CHAPTER 7. 

CONCLUSION. 
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CHAPTER 7 

CONCLUSION. 

The objective of this work was to investigate the 

parameters that affect the spontaneous nucleation of gas 

bubbles on nozzle walls during the stream degassing of 

molten iron, particularly the effect of surface rough-

ness and different gas solutes. 

A special apparatus was developed during prelimi- 

nary experiments. 	The main feature of the system was 

its versatility, since the crucible constituted a re- 

placeable unit. 	Thus different materials could be used 

as crucibles depending upon the basic requirements. 

The main experimental difficulties encountered in 

the programme, which limited the scope of the work, were 

essentially associated with crucible failures due to 

chemical attack of alumina, in the cases where oxidising 

gases were used, and poor resistance to thermal shock. 

It would be possible to substitute magnesia for alumina 

as a crucible material while the main system remained 

unaltered. 

A photocell was used as a metal stream flow duration 

measuring device. 	A suitable stopper rod and a technique 

for sintering nozzles to the crucible have been success- 

fully developed. 	The latter technique would provide an 
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opportunity for extending the current investigation 

totem studyof the suitability of different commercial 

refractories used in the steel industry as nozzles in 

stream degassing plants. 

The discharge coefficient (CD) values of gas satu-

rated molten iron in rough nozzles were very low and 

hence auxiliary runs were carried out with Ag - 0 (since 

this was the subject of recent investigation in Nimonic 

75 nozzles) in both smooth and rough nozzles. 	For the 

same type of nozzle and 1/d range the CD 
values obtained 

for degassed iron were lower than for degassed silver. 

For a given system, either degassed silver or iron, the 

C
D 

values obtained in the smooth nozzles were signifi-

cantly higher than for rough nozzles. The behaviour 

of the rough nozzles was rather irreproducible. 	The 

apparently high entry losses were possibly due to losses 

at the junction between the substrate and sinter. 	The 

results with the rough nozzles demonstrated that the flow 

characteristics were too poor for the results to be used 

as a basis for modelling flow in longer nozzles. 

Hydrogen-saturated iron was found to break up more 

vigorously in rough nozzles than in smooth nozzles. 

Nitrogen saturated iron streams did not break up in either 

smooth or rough nozzles, while the addition of up to 0.1w-t—cioS 
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did not alter the stream behaviour. 	Iron streams con- 

taining dissolved carbon and oxygen (96C0 - 4CO2; 92C0 - 

8C02
) showed homogeneous bubbly flow in both smooth and 

rough nozzles. 	These results suggested that although 

nozzle roughness might be an important parameter, other 

conditions affecting stream break-up include: 

1. The solubility and diffusivity of dissolved gas; 

2. Substantial nozzle 1/d ratios; 

3. The nature and amount of adsorbed surface active 

elements. 

The choked flow theory was applied to the cases 

where stream break-up occurred in smooth nozzles and show-

ed that for a given system showing break-up the ratio of 

gas to liquid volume in the stream at the nozzle exit 

g e) generally increased with 1/d ratios. 

A study of the movie film of streams outside the 

nozzle exit confirmed an early retardation of bubble 

growth due to the combined effect of liquid surface 

tension and inertia, while the subsequent growth con-

formed with the parabolic growth law. 

Finally it is hoped that this investigation will 

pave the way for similar mission-orientated attempts to 

establish a more realistic laboratory investigation of 

this and related problems. 
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APPENDICES 

The appendices contain the raw data used for 

the calculation of discharge coefficient and all the 

related parameters; these are grouped according to 

systems, e.g. nitrogen-saturated iron in rough nozzles 

is contained in a separate table. 	They also contain 

the raw data on the kinetics of nitrogen and carbon 

monoxide bubble growth in molten iron in the vacuum 

chamber. Comments are made on the kinetics of iron 

melt saturation originally planned as part of the 

current programme. 

A.1 The raw data used for the calculation of discharge 

coefficient and all the related parameters. 

A.2 The raw data on the kinetics of nitrogen and CO 

bubble growth in molten iron in the vacuum chamber. 

A.3 	The kinetics of nitrogen saturation of iron melts. 



A.1. RAW DATA FOR THE CALCULATION OF DISCHARGE COEFFICIENT AND RELATED PARAMETERS. 

Run No. 

- 

Charge 
Mass 

(Gram) 

Nozzle 
Diameter 

(mm) 

Length/ 
Diameter 

ratio 

tank 
pressure 

(mmHg) 

APtotal 
(average) 

(mmHg) 

Flow dur- 
ation 

(secs) 

Mean dis- 
charge co- 
efficient 

C: D 

Mass 
Flux 

ram/ (g
cm2sec) 

Reynolds 
Number 
(10 	) 

SA17 361.22 2.05 1.62 0.5 787 2.8 0.89 3921 23.7 

SA23  398.37 1.5 10.26 1.0 786 6.2 0.82 3636 16.09 

SA24 401.04 1.5 10.26 1.0 785 6.2 0.85 3661 16.20 

SA32 396.61 1.5 11.63 0.15 787 6.4 0.80 3507 15.52 

SA34 391.81 1.5 11.63 0.14 786 6.3 0.81 3520 15.58 

DEGASSED MOLTEN IRON IN SMOOTH NOZZLES 

G9 309.67 1.6 2.23 1.0 788 5.2 0.76 2963 7.94 

B12 332.61 1.58 2.2 20.0 788 5.7 0.77 2977 7.59 

C3 344.1 1.62 2.3 0.6 784 5.5 0.79 3036 7.91. 



,_ 
Run No. Charge' 

mass 
Nozzle 

diameter 
length/ 
diameter 
ratio 

tank 
pressure 

APtotal 
average 

Flow dur- 
ation 

Mean dis- 
charge co- 
efficient 

Mass 
flux 

Reynolds 
number 

Modified 
cavitation 
number 

- (gm) (mm) - (mmHg) (mmHg) (secs) - (gm
2
/ 

cm . 
sec) 

(103) - 

NITROGEN SATURATED IRON IN SMOOTH NOZZLES 

A29 

A30 

C9 

289.20 

283.31 

339.24 

1.70 

1.42 

1.62 

2.85 

3.38 

3.39 

0.7 

0.1 

10
-3 

786 

781 

786 

4.5 

6.48 

5.76 

0.73 

0.72 

0.74 

2831 

2760 

2859 

7.82 

6.33 

7.46 

5.34 

6.6 

6.2 

NITROGEN SATURATED IRON IN ROUGH NOZZLES 
- 
Gll 

E4 

G1 

P3 

G6 

G12 

312.07 

270.66 

312.6 

336.66 

309.39 

316.22 

2.42 

1.84 

1.80 

1.60 

1.80 

2.2 

5.79 

5.89 

5.0 

5.98 

5.0 

6.31 

10-3 

10 3  

1.0 

10-3 

1.5 

10-3 

788 

783 

785 

790 

787 

794 

3.85 

6.4 

8.1 

11.1 

6.4 

3.6 

0.45 

0.41 

0.39 

0.39 

0.49 

0.42 

1762 

1590 

1519 

1509 

1903 

1627 

8.27 

6.77 

5.66 

4.57 

7.08 

7.94 

28.1 

34.9 

32.4 

39.6 

20.8 

36.2 

* with 0.1 wt-% sulphur added 
	

** 10% H2-90% N2  gas solute dissolved. 



Run No. Charge 
mass 

Nozzle 
diameter 

lengtly 
diameter 
ratio 

tank 
pressure 

AP total 
average 

Flow dur- 
ation 

Mean dis- 
charge co- 
efficient 

Mass 
flux 

Reynolds 
number 

Modified 
cavitation 

number 

- - (mmHg) (mmHg) (secs) - (gm
2
/ 

cm. 
sec) 

(103) - 

,v------- 	- 
HYDROGEN SATURATED IRON IN SMOOTH NOZZLES 

A33 

N. 

D3 

E2 

E3 

362.0 

340.83 

311.41 

284.75 

313.42 

1.49 

1.54 

1.50 

1.50 

1.50 

2.44 

8.01 

5.06 

8.9 

7.68 

0.1 

12.0 

1.0 

10-3 

10-3 

783 

780 

790 

791 

788 

7.8 

8.43 

7.24 

7.00 

7.8 

0.69 

0.56 

0.63 

0.59 

0.59 

2661 

2174 

2298 

2298 

2270 

6.39 

5.42 

5.86 

5.56 

5.49 

5.2 

6.3 

23.2 

22.5 

22.4 

HYDROGEN SATURATED IRON IN ROUGH NOZZLES 

G2 

G3 

G5 

P5 

212.77 

315.50 

309.21 

337.90 

1.8 

1.8 

1.8 

1.62 

5.0 

5.0 

5.0 

8.3 

10-3 

1.5 

1.0 

10-3 

786 

791 

790 

792 

6.3 

9.26 

9.6 

13.92 

0.34 

0.35 

0.33 

0.30 

1330 

1341 

1268 

1178 

5.32 

5.22 

4.74 

4.33 

42.5 

42.0 

46.9 

36.0 



Run No. Charge 
mass 

Nozzle 
diameter 

length,/ 
diameter 
ratio 

tank 
pressure APotal  

average 

Flow dur- 
ation 

Mean dis- 
charge co- 
efficient 

Mass 
flux 

Reynolds 
number 

Modified 
cavitation 
number 

- (gm) (mm) - (mmHg) (mmHg) (secs) - (gm/
cm2. 
sec) 

3 (10) 
- 

OXYGEN SATURATED SILVER IN SMOOTH NOZZLES 

SA10 400.50 1.5 13.68 1.7 785 10.1 0.51 2244 9.93 46.5 

SA14 389.65 2.05 1.62 10-3 787 4.5 0.60 2632 15.93 4.5 

SA18  381.04 1.5 7.67 1.8 784 7.8 0.63 2764 12.24 19.3 

SA20 404.57 1.5 14.93 1.0 783 10.4 0.50 2202 9.75 59.1 

SA22 406.60 1.5 14.93 1.0 787 9.8 0.54- 2348 7.14 35.9 

SA26 558.11 1.5 8.52 1.0 794 11.9 0.60 2654 11.75 23.5 

SA27 376.0 1.5 8.52 1.0 788 8.3 0.58 2564 11.35 25.1 

SA35 377.16 1.5 11.63 0.16 799 8.8 0.55 2426 10.73 38.7 

OXYGEN SATURATED SILVER IN ROUGH NOZZLES 

SA3 355.0 1.803 10.47 10-3 791 7.75 0.41 1795 10.76 62.9 

SA7 378.69 2.09 9.56 10-3 783 5.9 0.43 1872 12.95 52.3 

SA29 388.47 2.19 4.84 10-3 781 4.4 0.54 2344 18.82 16.9 

SA30 416.12 2.19 4.84 0.2 781 4.7 0.54 2357 18.93 16.7 



Run No. Charge 
mass 

Nozzle 
diameter 

length/ 
diameter 
ratio 

tank 
pressure 

4i' 

average 

FlowFlow 
dura- 
tion 

Mean dis- 
charge co- 
efficient 

Mass 
flux 

Reynolds 
number 

Modified 
cavitation 
number 

- (gram) (mm) - (mmHg) (mmHg) (secs) - (gm/ 
cm2  • 
sec) 

(10
3
)  - 

AIR SATURATED SILVER IN SMOOTH NOZZLES 

SAll 407.91 1.5 13.68 1.7 785 6.8 0.77 3087 13.65 24.6 

SA16 389.68 2.05 1.62 0.5 787 3.4 0.79 3484 21.05 2.6 

SA33 427.88 1.5 11.63 0.03 774 7.2 0.77 3363 14.88 19.5 

AIR SATURATED SILVER IN ROUGH NOZZLES 

SA1 407.16 1.803 10.47 10-3 793 5.9 0.61 2704 16.21 27.8 

SA2 374.48 1.803 10.47 10-3 791 5.4 0.62 2717 16.29 27.5 

SA8 402.80 2.L9 10.47 10-3 784 4.2 0.64 2797 17.68 23.5 



3. 

CO-00 MIXTURE SATURATED IRON IN SMOOTH NOZZLES 

Run No. Charge 
mass 

Nozzle 
diameter 

length/ 
diameter 
ratio 

tank 
pressure 

APtotal 
average 

Flow dur- 
ation 

Mean dis- 
charge co- 
efficient 

Mass 
flux 

Reynolds 
number 

Modified 
cavitation 
number 

- (gm) (mm) - (mmHg) (mmHg) (secs) - (gT/ 
cm • 
sec) 

(103) - 

STLSN9 304.39 1.50 7.03 1.0 774 9.0 0.50 1914 4.64 28.4 

STLSN 7 192.15 1.50 7.85 1.0 784 5.5 0.51 1977 4.79 30.1 

STLSN17 296.12 1.50 7.33 0.2 781 9.7 0.45 1728 4.19 36.7 

134 277.20 1.50 3.0 0.2 781 8.3 0.49 1887 4.57 12.5 

1315 243.73 1.60 2.34 2.0 781 6.2 0.51 1956 5.04 9.1 

C10 314.08 - 	1.60 2.58 10-3 782 7.1 0.57 2201 5.70 8.0 

C5 342.58 1.60 1.86 1.0 781 8.3 0.53 2053 5,32 6.6 

STLSN14 27.03 1.50 6.39 0.5 793 7.6 0.57 2212 5.35 19.8 

B5  278.0 1.6 2.3 1.0 777 	. 7.0 0.51 1976 5.10 8.74 

B8 311.85 1.6 3.3 0.2 785 7.2 0.56 2155 5.58 10.7  

139 313.17 1.6 1.89 0.2 778 7.9 0.51 1972 5.08 7.2 

1. Saturated with 96C0- 	• 4CO2, 3. Saturated with 92C0-8C02 2. 0.149 wt-% 0, 0.12 wt-% C added, topped 
up with 96C0-4CO2, 5 minutes bubbling; 



Run No. Charge 
Mass 

Nozzle 
Diameter 

Length 
Diameter 
ratio 

Tank 
pressure 'APtotal 

average 

Flow dur- 
ation 

Mean dis- 
charge cor 
efficient 

Mass 
Flux 

Reynolds 
Number 

- (gram) (mm) - (mmHg) (mmHg) (secs) - gm/ 
cm2. 
sec 

(10
3
) 

DEGASSED SILVER IN ROUGH NOZZLES 

SA4 

SA9 

375.96 

402.93 

1.8 

2.09 

10.47 

9.56 

10-3 

10-3 

787 

784 

4.6 

3.9 

0.73 

0.69 

3203 

3013 

19.2 

20.85 

DEGASSED MOLTEN IRON IN ROUGH NOZZLES 

C10 

P6 

314.87 

350.17 

2.47 

1.76 

6.7 

3.32 

10
3 

1.0 

791 

776 

3.5 

7.1 

0.48 

0.53 

1878 

2027 

8.76 

9.07 



A.2 

The following tables contain the data on the 

kinetics of nitrogen and carbon monoxide bubble growth 

in molten iron discharging into a vacuum chamber at 

r-.2O mmHg. 	A summary table (A.2.1) is given to 

indicate the gas solute and the experimental value of 

the slope of the curve obtained from the plot of 

diameter (2R) against the square root of time (t2) 

for each bubble analysed.. 
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BUBBLE GROWTH KINETICS 

A.2.I. Serial No. Gas Solute Exp,grimental 
4PD2 	3- 

(mm sec 2) 

BG1 96C0 - 4C02' 289 

2 II  225 

3 It  246 

4 I, 288 

5 It 236 

6 1, 220 

7 II  295 

8 II  206 

9 It  271 

10 It 267 

11 II  236 

12 ,1 275 

13 92C0 - 8C02 275 

14 OFN 138 

15 Il 175 

16 It 187 

17 ,, 169 

18 /I 181 



234 

A.2.2. 

BG1 

Bubble Diameter 
2R(mm) 

;- 
t21. 

(sec-2) 

2.71 0 

8.97 .032 

11.85 .045 

14.47 .055 

17.28 .063 

19.99 .071 

22.34 .077 

24.45 .084 

26.30 .089 

27.77 .095 



235 

BG2 BG14 

Bubble Diameter 
2R (mm) 

t2 	(sec2) 

3.25 3.18 0 

3.29 4.18 .022 

3.97 4.83 .031 

4.45 5.99 .038 

5.89 7.19 .044 

8.42 7.91 .049 

9.19 8.49 .054 

9.63 8.84 .058 

10.72 9.35 .062 

11.32 9.70 .066 

11.95 10.49 .069 

- 10.63 .072 
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BG3 BG4 BG5 
1, 	2 

Bubble 	Diameter 	2R (mm) 	t2-   (sec2) 

2.95 3.25 3.39 0 

3.18 3.46 4.25 .022 

4.55 4.62 5.92 .032 
5.78 6.06 7.42 .039 
7.15 7.19 8.51 .045 
8.31 8.86 10.02 .050 

9.74 10.09 10.97 .055 

10.74 11.25 12.25 .059 

12.18 12.32 .063 

BG6 	BG8 	BG9 	t2 
3 
 (sect) 

3.39 3.97 3.29 0 

5.38 4.45 5.27 .022 

6.82 5.92 6.84 .032 

8.35 7.56 8.14 .039 

9.65 8.72 9.23 .045 

10.44 9.93 10.23 .050 

11.53 10.74 11.74 .055 

12.99 11.53 13.11 .059 

13.90 12.04 13.85 .063 

12.67 15.06 .067 

13.69 16.15 .071 

14.34 .074 

15.20 .076 

15.96 .081 

16.57 . .084 

16.91 .087 
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BG7 BG10 BG12 

Bubble 	diameter 	2R(mm) t2(sec2) 

3.30 3.32 4.80 0 

5.20 4.71 7.08 .022 

7.52 6.47 9.07 .032 

9.37 8.05 11.09 .039 

11.32 9.14 12.09 .045 

12.04 10.74 13.27 .050 

12.97 11.67 14.62 .055 

14.71 12.90 16.12 .059 

15.99 14.13 16.73 .063 

16.70 15.15 17.52 .067 

17.33 16.05 18.88 .071 

18.72 17.24 19.60 .074 

19.37 17.86 20.30 .076 

20.32 18.72 21.41 .081 

21.00 19.44 22.27 .084 

22.11 20.32 22.99 .087 

22.85 21.41 23.87 .089 

23.78 22.16 24.87 .092 

24.80 22.92 25.22 .095 

25.52 23.50 26.31 .098 

26.40 27.63 .100 

26.89 27.96 .103 

27.82 28.81 .105 

28.54 29.19 .107 

29.14 .110 
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BG11 BG18 

Bubble diameter 2R(mm) 
,1,4  

t2(sec -) 

3.39 4.59 0 

4.48 6.82 .022 

5.92 13.62 .032 

7.22 14.89 .039 

8.84 15.71 .045 

9.70 16.33 .050 

10.81 17.38 .055 

12.02 18.14 .059 

18.91 .063 

19.84 .067 

20.25 .071 

21.00 .074 

21.30 .076 
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BG 13 

Bubble Diameter 
2R(mm) 

tL  
sec t 

4.52 0 

6.23 .020 

7.56 .029 

9.24 .035 

10.87 .041 

11.96 .046 

13.08 .050 

13.93 .054 

14.65 .058 

15.37 .061 

16.89 .065 

18.06 .068 

19.11 .071 

20.04 .074 

21.22 .076 

22.22 .079 

23.04 .082 

23.47 .084 

24.11 .087 
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BG15 BG16 BG17 

Bubble 	diameter 	2R(mm) ' s 	c'') 

3.74 6.24 3.94 

7.89 7.26 7.87 .020 

9.91 7.84 9.86 .028 

10.72 8.19 10.32 .035 

11.07 8.49 10.90 .040 

11.76 9.26 11.16 .045 

12.04 9.37 11.97 .049 

12.71 9.86 12.09 .053 

13.91 10.35 12.92 .057 

14.13 11.11 13.76 .060 

14.42 11.41 14.34 .063 

15.36 11.48 .066 

12.34 .069 

13.20 .072 

14.08 .075 

14.71 .077 

14.99 .080 

15.78 .082 

15.85 .085 

16.22 .087 
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A.3. GAS SATURATION OF IRON MELT. 

The review of the kinetic factors included in the 

earlier part of this thesis (section 3.2) was to provide 

background information for the experimental determination 

of the mass transfer coefficients of different gases 

dissolved in molten iron. 

It was shown in section 3.2.2 that 

[log(1 - Cb/Cs)] 	= KLA.t   3.37 

2.303V 

By standardising the bubbling procedure, mass of charge, 

crucible dimensions, melt temperature and by measuring 

KL  for nitrogen it should be possible to estimate the 

times required to attain the various levels of equilibrium 

saturation for the dissolution of other gases in molten 

iron since 

KT  /KT  
L"(2) 

(D
1
/D
2
) 	 3.38 

where there are uncertainties in the accurate estimation 

of the effective melt/gas interfacial area, Al such when 

the melt is bubble-agitated the slope of [1og(1-Cb/Cs)] 

against bubbling duration provides a means of evaluating 

KLA1/V. 

The orifice through the base of an old alumina 

crucible was blocked with alumina cement. 	A charge 

of 300 gram iron was melted. 	The saturation procedure 
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was as described in section 4.2.12. 	In these experi- 

ments nitrogen was bubbled for 5,10,15,20 minutes and a 

separate run was carried out in which the charge was 

degassed. 	Each melt was 'killed' with aluminium wire 

and solidified in situ. 	Drillings were taken from 

various sections of the solidified ingot and analysed 

for nitrogen by both vacuum fusion and wet chemical 

techniques. 	The results are shoran in tables A.3.1 

and A.3.2. 

These results are surprisingly inconsistent. 	How- 

ever two out of the four runs (FeN5, FeN15) showed rapid 

saturation of the melt while the less rapid ones indicate 

a degree of saturation (Cb/Cs) greater than 35% after 

thirty minutes bubbling. 

The results indicate that the failure of the nitrogen 

saturated iron to break up had nothing to do with the gas 

content of the melt. 

Since the diffusivities of H, C, 0 are higher than 

that of nitrogen (table 6.7) the iron melts containing 

these solutes must have been fully saturated after thirty 

minutes of bubbling. 
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Nitrog D 	analysis 
(10 	wt-7.) 

Sample No. Bubbling By vacuum Duplicate by 
duration 
(mins) 

fusion 
. 

wet chemical 
method 

(1) (ii) 

FeNo 0 6 6 8 

FeN5 5 39 38 41 

FeN10 10 11 11 13 

FeN15 15 40 40 49 

FeN20 20 - 	25  25 26 

TABLE A.3.1 

RESULTS ON NITROGEN SATURATION OF IRON MELTS. 
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Sample No. (KLA1/V) 

(10-3sec
-1
) 

FeN5 6.46 

FeN10 0.46 

FeN15 2.43 

FeN20 1.45 

TABLE A.3.2 

RESULTS ON NITROGEN SATURATION OF IRON MELTS. 
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