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I 
' I NOMENCLATURE 

The following symbols occur frequently in the text. Additional symbols 

occur in isolated instances, in which case their specialised use is defined 

clearly at that time. 

' I 

A Surface area of the drop. 

a Radius of the drop. 

a Activity of sulphur, s 

b Collective constant defined by equation (5,23), Appears as Bon some 

tables. 

B Magnetic field strength vector, 

C Total molar concentration of the gas. 

Cp Specific heat. 

DA-B Molecular diffusion coefficient for the binary mixture of A and B. 

DT Thermal diffusion coefficient. 

E Col lecfive constant defined by equation (7,2), 

e Interaction para meter for sulphur, 
s 

f Activity coefficient for sulphur. 
s 

g Accel eration due to gravity. 

h Heat trans fe r coefficient, 

J Any flux vector. 

K Equi I ibrium constant. 

K' log K' = log f + log K. s 

Ks Equilibrium constant for Fe-s-s2 . 
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k 

L 

Nu 

Pr 

R 

Re 

r 

Sc 

Sh 

T 

t 

v 

wt 

X 

a: 

e 

Thermal conductivity. 

Gas phase mass transfer coefficient, 

Liquid phase mass transfer coefficient, 

Thermal diffusion ratio, 

Rate constants for various transfer mechanisms, 

Phenomenological coefficient (scalar). 

h,2a 

Cp.J..I 
-k-

k 

Partial pressure of hydrogen sulphide. 

Partial pressure of hydrogen. 

Total pressure. 

Heat flux from the surface of the drop (radiation excluded), 

Universal gas constant. 

p,2a.V 
1J 

Radial dimension from the centre of the drop. 

1J 

P· 0A-B 

kg.2a 
0 A-B 
Absolute temperature. 

Time of any operation. 

Velocity of the gas. 

Weight of the drop. 

Driving force vector 

Mole fraction in a mixture of gases 

The rma l diffusion factor. 

Frac t ion of the t otal number of act ive sites at the interface . 

xiv 



n Chemical potential. 

p Density. 

pd Density of the I iquid drop. 

u Viscosity. 

w ·Radian frequency of the magnetic field. 

~ Vector del operator. 

%s Concentration of sulphur in iron on a weight percentage basis. 

Subscript o refers to the Fe-H20-H2 system in Chapter 7 

Subscript co refers to the bulk state (of gas or liquid). 

Subscript refers to the gas- I i quid interface. 

Subscript f refers to some average condition in the gas between state co and 

state i • This is a concept rather than a physical location. 

XV 



CHAPTER I 

INTRODUCTION 

The history of steelmaking shows that the manufacture of steel for 

many years, has been by processes which have involved the interaction of metal 

and slag. In recent years, the introduction of oxygen steelmaking, of inert 

gas purging and of vacuum degassing, has emphasised the importance of gas

metal interactions in industrial practice. The new technology is far from 

f ully understood. Information remains to be gathered in the area where metal 

refining is achieved primarily by gases. Much of the information must be 

derived from experimental study. 

The levitation technique, in which a specimen of metal may be both 

melted and supported without direct physical means by an electromagnetic 

field, is ideally suited to gas-metal studies. It offers certain advantages 

over the tedious crucible and furnace techniques. It has been used widely 

for the preparation of alloys and for I imited thermodynamic measurements. 

However , cursory inspection of the technique indicates that it lends consider

able scope for examination of the kinetic aspects of any inte~ction between 

liquid metal and gas. One of the aims of the study reported here, was to 

demonstrate and estimate the value of the levitation technique as an experi

mental tool for use in kinetic and equi I ibrium studies. 

The use of gases in metallurgical experiments is usually handicapped 

by the difficulty of accounting for the phenomenon of thermal diffusion. If 

steep temperature gradients exist in a gaseous mixture, as they often do in 

apparatuses which contain I iquid metal, then pronounced segregation of the 
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components of the mixture may occur. The segregation, if not accounted for, 

may lead to erroneous conclusions from the experiment. The severity of the 

t emperature gradients which may be generated around a levitated drop is I ikely 

t o create significant thermal segregation. The thermal diffusion flux is 

dynamic in nature and occurs at alI instances of time, including both the 

kinetic and the steady state regimes of any experiment. If equilibrium data 

a re to be obtained from the steady state studies, thermal diffusion must first 

be isolated and quantified. The second aim of the present study was to examine 

t he usefulness of the levitation experiment for measuring gas-metal equilibria, 

which may or may not require compensation for the errors created by thermal 

d iffus ion. No comprehensive investigation has ever been made of thermal 

d iffus ion in the levitation apparatus. No precedent was avai I able for the 

choice of system with which to perform the investigation. 

The iron-hydrogen-hydrogen sulphide system was selected. The com

ponents of the gaseous mixture are widely dissimilar, and consequently the 

therma l diffusion effect is large. A I imited, but accurate, amount of thermo

dynamic data are available for the dissolution of sulphur in liquid iron. 

The ga ses are common and as such the physical propert ies are well known 

or may be predicted theoretically. Ot her reasons for this choice wil I become 

apparent in the main body of this report. 

Many I iquid metal kinetic and thermodynamic studies of the past have 

terminated at the presentation of the laboratory readings. Interpretation has 

been lacking, or has been based upon premises which have not been comp letely 

verifi ed. The usual reason for this ha s been the complexity of the mechanisms 

under s tudy, or the random nature of t he exper imental characteristics. For 

exampl e , any mechan ism proposed t o de scribe the net transfer of a species, 
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first must be proved to be the correct mechanism before attempts are made to 

find t he numerical values of the parameters contained within that mechanism. 

The transfer rates investigated by the present study were governed by conditions 

in the gas phase alone. This mechanism was clearly demonstrated. Transfer 

coefficients were measured and incorporated into a quantitative explanation of 

the transfer rates which included the fluxes due to ther mal diffusion. 
I 

Established methods are available for the prediction of transfer 

coefficients which apply for spherical geometries. Their derivation invokes 

the assumption of constant physical properties in the gas surrounding the 

sphere . The non-isothermal gas which is necessary around a levitated drop of 

iron far from satisfies this assumption. A comparison of the measured co-

ef ficients with the predicted coefficients may be expected to show some dis-

agreement. Our present knowledge is insufficient to per mit an estimate of the 

error in the predictions. The error is compounded by the presence of natural 

convect ion forces which arise as a consequence of the differences in gas 

density. The dang&rs of heavy rei iance upon the predictions of the empirical 

correlations are great and can no longer be ignored. 

The essence of this thesis represents a chemical engineering approach 

to a long established area of metallurgical study. It stands on the boundary 

between the chemical engineer and the metallurgical eng i neer. The reader may 

be from the field of transport phenomena, or may be a metallurgical thermo-

dynamicist. The language of each must be used, and must be combined so that it 

is clear to both. There is a great need for the boundary to be bridged; the 

chemica l engineer is introduced to the very real problems and practical demands 

which face t he chem ical pyrometal lurg ist in the laboratory; the metallurg ical 
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engineer may have much to learn from the chemical engineering techniques by 

which a deeper insight into his experiments may be obtained. 



CHAPTER 2 

REVIEW OF THE TOPIC 

2.1 Previous Applications of the Levitation Technique 

As an experimental device, the levitation technique has found use 

towards many goals. It has been used for a wide range of purposes which may 

be categorised as follows: 

(a) Preparation of metal alloys 

(b) Casting 

(c) Purification of metals 

(d) Measurement of certain physical properties 

(e) Vaporisation 

(f) ~~asurement of the thermodynamic properties of gas-metal and of slag-

metal interaction 

(g) Measurement of gas-metal reaction rates 

The above purposes, in the order shown above, are enlarged upon 

below. 

The levitation technique was first suggested in 1923<l>, but the first 

significant application was not unti I 1952( 2>. 

P I . d p (3) . th . t d f h t f t• h o on1s an · arr In e1r s u yo p ase rans orma 1on p 8no~ena, 

prepared 5 gram samples of iron-titanium al Joys. A plug of iron was inserted 

into a hole drilled ir. a titanium specimen which was then levitated and ma lted 

in an argon atmosphere . 
(4) 

!ron-sulphur al Joys were prepared by Sunderland , by 

5 
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allowing I gram drops of iron to fal I from a levitated coil into a copper 

mould containing a small quantity of sulphur or iron sulphide. Samples of 

I · · t · d d b C et a I ( 5 ), b I · t t · very pure a umtnum n1 r1 e were prepare y ooper y evt a tng 

drops of aluminum in an atmosphere of nitrogen. 

Comenetz and Salatka(6) made castings of various shapes of various 

pure metals by levitating 10 gram samples. By the reduction of the electro-

magnetic field they were able to create an "electromagnetic funnel". While 

part of the large specimen was subjected to a I ifting force, the remainder 

was coaxed to pour through the neck of the "funnel" into the mould. Extremely 

(7) 
large castings were achieved by Bunshah and Juntz when they levitated 60 -

120 grams of aluminum in air, and of beryl I ium in vacuo. The melts were 

cast in rods of I - I ,5 inches diamet er, completely free from contamination. 

Begley et ai(B) levitated various specimens in vacuo and evaporated 

impurities from the I iquid metal. Purification of _ 15 grams of niobium was 

facilitated in less than 2 minutes, with a drastic reduction in the oxygen 

content of the drop. 

' (9) The density of I iquid nicke l has been measured by photographic 

measurement of the volume of a levitated drop of known weight. Ful I advantage 

was taken of the flexibility in temperature and the measurements were made 

over a range of I 149 to 1866°C. Such a wide range would have been impossible 

in a crucible, pa r ticularly in vie.,., of the fact that 300°C of the range was 

below the normal me lt ing point of pure nickel. EI-Mehairy and \vard(IO) made 

measurements of the density of molten copper over the temperature range 1097 

to 1827°C by an identical technique. A novel technique was suggested by 

Hulse/ 11> for· measurement of surface tension and density of liquid rri€ta ls. 

Experi menta l measure r~ nt of surface tension has always presented probl ems to 
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the metallurgist, mainly stemming from liquid purity, surface contamination 

and containment. Levitation overcomes these problems. The method suggested 

involves a force balance along the central vertical axis of the drop. Exploi-

tation of this approach has not been reported in the I iterature. Murarka 

et ai(IZ) measured the surface tension of iron and nickel, by taking high speed 

photographs in order to determine the frequency of oscillation of the 

surface. The frequency is very accurately related to surface tension, but 

the relationship may be applied only for a spherical specimen. 

Vaporisation studies were performed by Ward and Smith(l 3 ) which in-

eluded the evaporation of I iquid iron into a vacuum. From this, the vapour 

pressu re of iron was calculated in the temperature range 1687 to 1840°C. 

Simi Ia~ measurements were made by Svyazhin et al(l 4), with the exception that 

( 15) . 
the drop was surrounded by a carrier gas. Turkdogan et al stud1ed the 

rates of vaporisation from drops of iron, copper, nickel, cobalt, manganese, 

in streams of gas which had a certain oxygen potential. The rates of iron 

vaporisation were found to be greatly accelerated due to iron oxide fume 

formation. Robertson et al(l 6 ) successfully levitated and melted a variety 

of sulphides of metals, despite their general classification as electrical 

non-conductors. Vaporisation rates, partially of elemental sulphur, were 

measured but mainly on a qualitat ive basis. 

The equilibria between I iquid metal and slag have been studied by 

Distin et al(l 7) for the I iquid phase of iron and the slag phase of iron oxide. 

The temperature range was 1785 to 1960°C. Experimental I imitations prevented 

the range being extended at the lower end. A more thorough trial with different 

design s of levitation coi I may have enabled lower drop temperatures to be esta b-

I i shed . The matter is discussed more· fully in Section 2.4. Wh ile Distin too k 
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ful I advantage of the assets <see Section 2.2) of levi tation melting, the 

slag-metal studies were handicapped by the problem of determining the phase 

compositions. A novel means was used for separately taking samples of slag 

and iron from the suspended drop at high temperatures. An alternative means 

( 18) 
was by Caryl I and Ward who, at steady state, switched off the power and 

at lowed the specimen to fall between the faces of an anvil and a moving 

piston. The specimen was crushed so rapidly, that the compositions of the two 

solid phases at room temperature were truly representative of the I iquid phase 

before quenching. In this way they measured the distribution of manganese 

between a metal and a slag. It is interesting to note that in both studies the 

steady state conditions were attained in periods of time which were measured 

in seconds. It is apparent that, although the slag is a non-conductor and is 

subject to no motion by magnetic forces, the vigorous internal motion of the 

metal phase is transferr·ed to the slag by viscous forces. Such motion, which 

is absent from crucible melts, leads to rapid equi I ibrium between the 

phases. 

Various studies have been made of the equilibria between gases and 

I · · d t I Kershaw( 19 ) measured th ·I· b · f II between tqut me a s. . e equ1 1 rtum ve ry success u y 

iron-vanadium alloys in contact with hydrogen-\'/ater vapour mixtures. The 

same gas mixture was used by Shiraishi( 20) who measured the oxygen content 

of lev i tated drops of iron-chromium allays. Larche( 2 l) continued the study 

of thi s alloy more thoroughly, and compared the oxygen contents of the I iquid 

when they were created both by hydrogen-water vapour mixtures, and by carbon 

. (22) monoxi de-carbon dioxide mixtures. Toop and Richardson reported equilibrium 

values for the partition of oxygen between Co-co2 mixtures and copper, or nickel. 
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. (23) The ternary of iron-chromium-sulphur has been exam1ned using gases of 

H2-H2S. The solubi I ity of nitrogen has been measured' 24 ) in I iquids of iron, 

iron-carbon and iron-aluminum. The above. gas-metal studies were certainly 

more easily and more efficiently facilitated by the levitation technique than 

by conventional methods. The studies clearly demonstrated the experimental 

potential of the technique. However, in alI the investigations, the gases 
I 

were at room temperature while the drops were at temperatures in excess of 

J000°C. The results are clouded by the element of doubt that stems from 

thermal diffusion, which is not explained by the authors. This matter is 

fully introduced .in Section 2.5. 

The period of time required for the attainment of equilibrium has 

received some attention in the past. The rates of decarburisation of iron 

drops were studied by Baker et at( 25 , 26 ) using either oxygen or carbon dioxide 

as ox idant, with diluents of carbon monoxide or helium. Although the 

decarburisation process may appear to be easily understood at first glance, 

it is in fact a very complicated process. The levitated drop provided an 

excel lent means for visual observation, which yielded informative, qualitative 

evidence about the decarburisation mechanisms. The kinetics of oxidation of 

. (27) . (28) various binary and ternary alloys of 1ron , and of pure 1ron have 

been studied. The wide range of gaseous combinations which could be employed 

in a levitation apparatus was clearly demonstrated by Distin( 29 , 30 ). The 

transfer rates of various species to an iron drop were measured from a wide 

variety of gases, including oxygen, ethylene, and methane. 
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The rates of mass transfer to drops of iron, falling freely under 

gravity have received attention in recent years. Various transfer mechanisms 

• (31 32 33) 
have been studied ' ' for drops fal I ing through various gases which were 

I I f d .ff t h . ht 8 k (3 l) . •t• t d h. . t b nco umns o 1 eren e1g s. a er 1n1 1a e IS exper1men s y 

a wire melting technique which created a stream of discrete drops at the top 

of the column of gas. This method suffers from an i nab i I ity to predict and 
\ 

control accurately the size of the drops; the temperature is I imited to that 

of the melting point of the wire. The shortcomings may be overcome by 

adopt ion of the levitation technique. Fa I I i ng iron 
. (32 33) 

drop stud1es ' have 

demonstrated that the levitation coil serves as an excel lent device for 

preparation of iron drops, in wei I control led conditions, prior to passage 

through a column of reactive gas. 

2.2 Advantages of Levitation Melting 

The previous section has outlined the many services for which the 

levitation technique has been uti I ised. These uses have taken advantage of 

one or more of the assets of the method. For the benefit of the chemical 

engineering reader, these advantages -- particularly where pertinent to gas-

metal studies such as Fe-H2-H2s -- are outlined below. 

Speed. The time involved in heating and melting the metal is extreme ly 

s hort. Many speci mens may be levitated during the course of a laboratory 

day. In con t rast to this, any exper ime ntal system which involves delicate 

refract ory ma teria ls with their low thermal shock resist ance, may ta ke as 
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much as a day merely to heat up from room temperature. 

Non-contamination. There is no physical contact between the specimen and 

mater ial of support or containment. The metal, once purified, (which may be 

performed within the coil) wil I remain pure without fear of contamination and 

disso lution during the course of an experiment. The problems created by the 

dissolution of refractory crucibles are obviated. 

Aggressive materials. A corollary of the freedom of contamination is that 

studies may be performed which involve corrosive slags and aggressive gases 

(e.g., H2S>. 

Liqui d stirring. The I iquid metal is probably homogeneous at alI times, due 

to the efectromagnetic stirring from the coil. This is often desired in 

certain mass transfer experiments. Uniform temperatures throughout the metal 

are always desired. The problems of sampling are simplified since the whole 

specimen is taken for analysis. When suction samples are taken from a crucible 

melt, particularly when immersed in a resistance-wound furnace, there is 

always the question of how representative is the sample. 

Temperature range. A major advantage of the levitation technique is the 

wide range of temperatures which may be employed. The absence of materials 

of support, and the absence of a thermocouple sheath in the metal, remove 

any external I imit on the upper temperature. Very high temperatures may be 

achieved, which are I imited only by the severity of vaporisation or fume 

format ion fr0m the specimen itself. The high purity of the melt means the 

absence of any sites for any heterogeneous nucleation process, including 

solidi f ication. The temperature range for I iquid phase study may be extended 

we I I be I ov.• t he norma I me I t i ng point. (34) Gomersal I et al demonstrated that 

n ickel and iron could be supe rcooled as much as 400°C belo>·J the melting 
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point, in an atmosphere of hydrogen, with complete I iquid phase stability. 

The narrowness of the range of temperature over which equilibria are already 

known is a hindrance to the thermodynamicist at the moment. 

Geometry. The simple geometry of the system provides other desirable features, 

as well as that of simplicity of experimental method. Although the specimen 

Is spherical, the surface area is large for the volumes of metal used. The 

geometry may be accurately reproduced in further experiments, whereas the 

complex geometry of crucible and furnace apparatuses often defies reproduction 

In another laboratory. Not only is reproduction difficult but the results 

t b . t t d f II t I t d Ma I <35 , 36 , 37 > of canno e 1n erpre e u y or ex rapo a e • ny examp es 

these types of experiment abound in the metallurgical I iterature, where a 

gas is blown down a tube onto the surface of a melt in a crucible within a 

vertical furnace chamber. Rates of mass transfer from gas to I iquid are 

measured. Often, no record is made of such important parameters as: diameter 

of the gas-be~ring tube; its height above the melt surface; surface area of 

the melt; depth of the melt; diameter of the furnace. Even where some of 

(37) . these parameters are recorded --such as Peters et al who desulphur1sed 

crucible me lts of iron by blowing with mixtures of hydrogen, helium and 

a rgon --the experimental results cannot be extrapolated beyond the framework 

of the apparatus in which they were collected. In co~trast to this, since 

the lev itation ap pa ratus may be described mathematically, there is some 

scope f or the extension of the da t a coll ected from it. 

Chemic~ l engineer ing . The chemical eng ineer has for many years studied the 

mechan i sms of heat and mass transfer to and from spheres. In some cases 

a deli berate ef for t has been ma de to ac hieve severe, non-isothermal conditions · 

in the cont inuous phase. In some cases the studies have been handicap ped by 
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the necessity to provide a physical means of support for the sphere. The 

inherent advantages of levitation are immediately relevant to the afore-

mentioned two points. The chemical engineer may wei I find it profitable to 

consider the levitated sphere as a technique with which to perform 

certa i n non-isothermal studies in the field of transport phenomena. 

2.3 Disadvantages of Levitation Melting 

There are four major limitations in the use of levitation melting. 

The first one is the obvious fact that specimens must be I imited to electrical 

conductors. Although this I imitation is quite rigid, i t is not frequently 

encountered in the metal iurgical field, with the exception of slag studies. 

However, the work of Robertson et al(l 6 ) with ~etal su~phides demonstrated 

that even many non-meta! I i c materia Is r.1ay be I ev i tated. 

The second disadvantage is that for a given system where alI conditions 

are fixed with the exception of the power to the coil, the range of tempera-

t . I' 'td(l7) ure Is 1m1 e · • The most serious failing of fhe technique is thai" studies 

the past have been invalidated by errors caused by therrral diffusion in the 

+' . con . lnuous pnase. These t wo disadv3ntages, particularly the latter, are 

a major concern of this thesis. They are cla r ified in more detai I in 

Sect: ons 2.4 end 2.5. 

The tourth disadva ntage, of more significance to the c hemical engineer · 

t han to t he metallurgist, i s t he wide varia t ion of physical properties of 

t he gas phase in t he no!'i-isothermal fi lm a round the drop. 
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2.4 Design of Coi I 

The fundamental explanation of the phenomena, whereby interacting 

electromagnetic fields are arranged so as to overcome gravitational force 

and to support an object, is complex. Detailed understanding of the theory is 

often not essential for practical use of the technique . As a consequence, 

1 the levitation apparatus has often been used qualitatively by the metallurgist 

with I ittle reference to the theory behind it. Only recently have users of 

the tool concerned themselves(l 6 ) with the theoretical basis. 

The factors which affect levitabil ity are as follows: 

a) Coi I current and characteristics, including frequency and power; 

b) Coil geometry; 

c) Size and density of specimen; 

d) Electrical . properties of specimen, such as conductivity and permeabi I ity; 

e) Permeability of the surrounding media. 

When a study is to be undertaken many of the above factors are fixed 

prior to commencement of the laboratory work. The coil current, character

istics and total power available, are usually dictated by the particular 

generator which is available. High frequency generators are expensive, and 

usually I imited in number at any particular research establishment. The 

properties of the specimen and continuous medium are those of the system under 

examination. A smal I degree of latitude in the size of the specimen is possible 

but usually the size must remain constant from spec imen to specimen. Below 

a certain size levitation is impossible. The upper radius is determined by 
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the maximum power output of the generator; by the surface tension of the 

specimen if sphericity is to be maintained; and by the maximum temperature 

requirements. The factors which may be control led are thus, by el im i natron, 

t he geometry of the col I, and the power output from the generator between 

zero and maximum, If the only cons i de ration is that the specimen be levitated, 

t hen t he I imitations would be minor, In addition, however, often the specimen 

must be melted and its temperature must be accurately control led. The situation 

is greatly compounded, The self-same electromagnetic forces which provide 

l ift, also g ive rise to eddy currents in the specime n, which in turn generate 

heat. The amount of heat is det ermi ned by t he strength of the field, but t he 

power requiremen ts must be fixed lni tial ly by the grav itational forces on 

t he speci me n. 

An introductory trea tment of the theory of levitatio:-~ is given by 

R 
( 38) (39) ( 16) 

ony • lvbre practical exp la nati ons a1-e give n by Hulsey and Robertson 

Rony g ives t he bas ic eq uati ons fo r the I ifting force and power input to a 

sphere in a sinusoidall y a lternat ing magnetic f ield: 

Foret; vecto r 3 G<y>.<B.V)B (2. f) ----- -- = - ---
wt 

Powe r = H<y>.<8.8> (2,2 ) 

whe re pd is the den s i ty of t he metal sp here ; 

lJO i s t he permea b i I i -~y o f free s pace ; 

v i s the vector de l operator; 

B is the magne·fi c f !el j .:; · r-engi·h vector ; 

a is the ,-ad ius of the s phere; 
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ad is the . elec~rical conductivity of the metal. 

The symbols ~and a are used according to conventional electrical 

engineering practico to denote permeability and conductivity in equations 

(2,1), (2.2) and (2 ,3) only. In the remainder of this thesis the symbols 

wi I I have meanings ~hich are common to chemical engineering. The functions 

G(y) and H(y), are functions of the skin depth (field penetration into the 

liquid). 

1/2 
y =a. (1/2 • w • ~d • ad) 

where ~d is the permeability of the metal; 

w is the radian frequency of the magnetic field. 

(2,3) 

The solutions to t he functions G(y) and H(y) are given in complete 

detail by Rony, in both algebraic and graphical form. The solutions are 

independent of coil geometry and the strength of the magnetic field. 

The salient points which stem from equations (2,1), (2.2) and (2,3) 

are listed. The only control characteristic during an experiment is the strengt 

of the ma~netic fi e ld. The con7rol may be effected by the adjustment of the 

power output from the generator, or by the coil geometry. The magnetic field, 

simultaneously, per forms two duties. Alterations in the field strength in 

order to adjust the power for heating requirements, also change the strength 

of t he I ifting force. However. the dependence of the <1 2R> losses is different 

from the depend ence of the lifting forces, Some degree of uncoupling does 

exist between the power input to the sphere and the I i ft of the sphe re. 

The s light uncou pling has never been exp loited by prev ious workers, 
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While the theoretical description by Rony is correct it is extremely 

fundamental. Most of the levitation coils which have actually been used, have 

been designed from practical experience. A qualitative description of 

(40) levitation theory, with more practical value, has been given by Rostron 

However, most workers have taken as their starting point the design of Harris 

. ( 41) and Jenkins whose names have subsequently come to be used to describe 

this particular design. Their coil consisted of seven turns of silver tubing, 

the lower two of which were co-planar. The next three turns above formed a 

45° cone, widening from the inner bottom turn. The final two turns were 

reversed in direction, directly above the cone, and of the same diameter as 

the lowest turns. The design gave a magnetic null point which was completely 

enclosed by two opposing magnetic fields. This configuration gave stabi I ity 

to the specimen and reduced irregular motion and bodily osci I lations. 
(8) 

A variation on the design of Harris was tried by Begley et al who 

replaced the upper, reverse turns with a water-cooled disc. This in turn 

d . f. d b L . t I ( 42 ) h I . d k d . ' . was mo 1 1e y ew1s e a w o c a1me a mar e Increase 1n spec1men 

stability. By making the disc movable relative to the coil compensation 

could be made for lack of symmetry in the winding of the coil. 

Further description of the various designs is unnecessary here. An 

excellent review of the many different coi Is, and their many uses, fs 

g iven by Peifer' 43 ) More detai Is about the forces of levitation are given 

by Fromm and Jehn( 44 ) and Hatch and Smith( 4S). 

Most workers in the past have manufactured coils of the Harris and 

Jenkins design, and put them to trial for their particu lar purpose. Often, 

co ils whi ch have identical appearances give widely varying levitation per-

formances. The workers have then chosen the one particular coi I which produced 
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the best levitation behaviour for their specific purposes, and used that one 

throughout their experiments. As Booth and Charles( 46 ) point out, this choice 

·is made on levitabil ity only, and whatever heating effect is produced is 

merely tolerated. The temperature of the drop is controlled by varying the 

rate of heat removal. Choice of gas composition and gas flow rate gives 

adequate temperature control. For most experiments th is approach is satisfactor 

However, for two cases of gas-metal interaction this approach becomes invalid. 

For kinetic studies, the rates of mass transfer may be dependent upon 

t he gas flow rate, and thus the gas flow rate must be predetermined and 

cannot be adjusted during the course of experiments fo r considerations of 

tempe rature. This has been a major obstacle in the use of levitation for 

kinetic studies. The obstacle must be overcome if future kinetic experiments 

are contemplated, and temperature control must be achieved solely by adjustment 

of the power input to the specimen. 

The second case is that of the measurement of equilibria between 

liquid metal and soluble gas. In many such measurements thermal diffusion 

(see 2.5) may influence the steady state composition of the metal. The degree 

of thermal diffusion, and hence the extent of its influence, may be a function 

of gas flow rate. Thermodynamic studies(l 9, 21 , 22 ) in th~ past may have 

contained errors, which were not only due to the presP-nce of thermal diffusion 

in the gas phase, but were also due to changes in the magnitude of the thermal 

diffusion. Thus, temperature control of the drop by changing the gas flow 

rate is a practice which is open to ques t ion. 
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2 .5 The rmal Diffusi on 

Previously (Section 2,2) t he advantages of levitation melting were 

discussed in some detai I. While the disadvantages ~re few in nu mbe r, their 

importan ce is probably para~ount and cannot be disregarded. One of the 

di sadvantages alone has been considered insurmountable. The seriousness of 

t he latter, that of thermal diffusion in th~ gas phase, stems from the fact 

t hat !t is inherent in the technique. So far only fleeting mention of this 

subject has been made. Section 2.5 wil I attempt to provide further explana-

t ion. 

2 .5.1 Origin and Derivation 

Qualitative description of the phenomenon ls simple. Suppose a fluid 

is a mi·xture of rrcre th~n one .sReci..zs and. is subjected to .a differ·ence in 

t emperature throughout its body. In the absence of any other external forces, 

for a mixture which is originally homogeneous, the non-uniform temperature 

leads to a state of non-uni form composition. A migration of molecules takes 

p lace. For simplicity, if the mixture were binary one component would tend 

t o move to the hot region, while the other would col teet in the cold region. 

Usually (but exceptions are· known) the gas with the I ighter/smaller rrolecule 

co II ects in the hot zone wh i I e the heavier/ I arger rna I ecu I es migrate to the 

cold zone. 

The phenomenon is not to be confused with natural (free) convection 

'fthich stems from differences in density which may or may not be a result of 

t emperature differences. 

The consequent gradient of composition is in the same direction as 
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the original temperature gradient. Of course, the concentration differences 

give rise to ordinary . molecular diffusion which tends to reduce the newly 

creat ed concentration profiles. The thermal diffusion and molecular diffusion 

are in opposition. If the temperature gradient is time independent, a 

steady state is eventually attained, in which the composition is non-uniform 

and t he transport by molecular diffusion is equal and opposite to transport 
I 

by thermal diffusion. 

Thermal diffusion has been wei I known for many years but the origin 

of t he discovery is interesting. Enskog first predicted it in 191 I, as a 

result of his theoretical work on the mathematical description of the 

th d . f h' h . f II . d b Ch d Co I' <47 > ermo ynam1cs o gases, w 1c IS u y rev1ev1e y apman an w 1ng 

Enskog's theory predicted the existence of thermal diffusion in gas mixtures 

although the phenomenon had not been observed at that time. Subsequently, 
. . (48) 

the effect was isolated in the laboratory 1n 1917 The classical manner 

of its discovery i I lustrates the fact that the causes which give rise to 

thermal diffusion cannot be described by a physical or a molecular picture. 

(49) 
Of alI tha many works in the I iterature, only Present attempts to draw 

a visual explanation of the molecular interactions. We must accept that the 

explanation of thermal diffusion derives from the mathematical theory of 

gas phase behaviour. 

Many of the early studies of thermal diffusion were classical and 

theoretical, carried out by mathematicians or theoretical physicists. 

(50 51 52) The explanations are many ' ' but alI are very similar, varying mainly 

in the degree of complexity. Frankel (52 ' points out that thermal diffusion 

· t bl t I t d · t• However, G'1 I lesp'1e( 53 ) does IS no amena e o e eme n ary er1va 1on. 
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attempt to sum up his earlier approximate theory(SI) into one final equation 

which represents the first engineering equation. Whi le there is sti I I 

scope for discussion among the theoretical physicists at the present time, 

an engineering explanation is available, as shown below. 

Many irreversible processes occur in nature and may be described 

by the familiar phenomenological laws, e.g., Ohm's law relates electrical 

current and potential gradient; Fourier's law relates heat flow and 

temperature gradient. However, when two or more phenomena occur simultaneously, 

they interact and create cross effects with which we are less fami I iar. 

The driving forces may be temperature gradient, gradient of chemical 

potential, potential gradient, velocity gradient, etc, These give rise to 

flow of heat, mass, electrical current, ~~mentum, etc. In general, any 

force can give rise to any flow, Considerations of irreversible thermodynamics 

for a multicomponent mixture give the general phenomenological equation: 

where 

n 
J. = r L. .X (2.4) 

I m=l 1m m 

vector J . is any (i=l---n) flow or flux, 
I 

vector x is any (m=l---n) force, m 

L. are the phenomenological coefficients of the nature of a conductance, 1m 

or recip rocal of resistance, 

L is a sca lar quantity. 

The flux and force are I inearly proportional, 

The fo rces at the moment have not been rigidly defined, Onsager's 

analysis de fines them in such a way, that the sum of the prod uct s of each 

flow and its appropr iate force is equa l to the product of t he absolute 

temperature and the rate of creation of entropy per unit volu me of the system. 
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An essential consequence of this is a symmetry of the system, usually 

referred to as Onsager's reciprocal relationship: 

L. = L . (2.5) 
1m m1 

I 
I Electrical conductivity and molecular diffusivity are examples of 

coefficients L ..• Coefficients L. , where mti, pertain to the mutual 
II lm 

inter ference phenomena. 

Consider the case of a binary mixture in which mechanical, electrical, 

and gravitational forces are absent. If subscript I refers to energy, and 

· subscript 2 refers to the mass of one component of the mixture, equation (2.4) 

simplifies to: 

(2.6) 

(2.7) 

The term L11 x
1 

represents the transfer of energy by ordinary 

conduction. The t erm L12 x2 represents the transfer of energy due to a 

gradient of chemical potential within the mixture, (Dufour effect). The 

term L22 x2 represents ordinary molecular diffusion of one component. The 

term L21 x
1 

represents the flux of mass due to a thermal driving force 

(Soret effect). 

Excel lent expl anations of equat ions (2.4) to (2.7) are given in 

(54) . (55) the books by DeGroot and by Denb1gh • Of interest to us, without 

going into dep th , is the fac-r t hat Onsager's analys i s precisely defines the 



forces, and hence: 

x1 = -. grad. 

x2 - - T. grad. 

I 
where T is the absolute temperature, 

= - grad. T 

T 

n2 is the chemical potential of species 2. 
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(2 .8) 

(2.9) 

When the chemical potential is rewritten in terms of concentration, 

the familiar form of Fick's law for molecular diffusion results: 

Molecular diffusion flux = DAB • C • grad. x2 (2.10) 

where DAB is the molecular diffusion coefficient, 

c is the total molar concentration, 

x2 is the mole fraction in the mixture. 

When defining a coefficient for thermal diffusion, the analogy with 

Fick's law is made: 

Thermal diffusion flux= DT • C. grad. In T < 2. II ) 

where DT is t he thermal diffusion coefficient, or Soret coefficient. 

Traditiona lly, studies of thermal diffusion have been made in the 

two bulb apparatus, which is free from convective forces. One bulb is hot 

and t he othe r bulb is cold. The bulbs are connected by a horizontal, na rrow 

tube . The apparatus is filled wit h the gaseous mixt ure. The system is 
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allowed to reach steady state, in which the thermal diffusion flux balances 

the molecular diffusion flux. Samples are taken of the gases in each bulb 

and analysed. The resulti~g measurements, for obvious reasons, are often 

expressed as a ratio: 

(2.12) 

where kT is the thermal diffusion ratio. 

Irreversible therrrodynamics gives us the form of the flux equation; 

we must look elsewhere for evaluation of the coefficients. The kinetic 

theory of gases provides methods for evaluation of both coefficients. This 

is discussed later. 

2.5.2 In Metallurgical Studies 

The interaction coefficients (Soret and Dufour) are smal I compared 

to the main effects, and as a consequence the interaction effects are 

relatively smal I in chemical engineering systems. However, the chemical 

engineer does not encounter the temperature differences frequently encountered 

by the metallurgical eng ineer. The high temperatures present in many 

metallurgical systems which also comprise room temperature gases, give rise 

to significant thermal diffusion despite the smal I coefficients. 

In general, there are three types of appara t us available for studies 

of gas-1 iquid, and gas-solid, metal equilibria: lev i tation, induction 

furnace , and resistance f urnace . The order in which the three apparatuses 

are s tated rep resents t he order of increasing exper imenta l comp lexi ty 

and time but the order of decreasing therma l segregation. 
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In the levitation and induction apparatus the heat is generated 

within the metal itself. , The gas is usually at room temperature and its 

flow rate and temperature may be essential to the control of the metal 

temperature. Very little heating of the bulk gas takes place, but the 

molecules adjacent to, and thus in equilibrium with, the metal attain the 

metal temperature. The hot gas may be deficient in the larger molecules 
\ 

due to thermal diffusion. The gas composition in equilibrium with the metal 

is different from that found by room temperature analysii of the inlet gas. 

Four ways have been suggested to nul I ify this difficulty. 

The first and obvious way was suggested by Dastur and Chipman( 56 ) 

who preheated mixtures of hydrogen and water vapour. This method cannot be 

used for levitation where the gas must dissipate heat. The practical aspects 

of heating and containing the gas, particularly if corrosive, are 

formidable • 

. The second alternative is based on the rule of thumb <which may 

well be false> i.e., that increasing the gas flow rate reduces the thermal 

diffusion error ultimately to a negligible amount. This unwritten law has 

. t I · t"f" t• (57 , 58 , 59 ) H "t . t t th some expertmen a JUS 1 1ca ton owever, 1 1s con rary o e 

fact that increases in gas flow rate, increase the heat transfer and there-

fore increase the gas phase, surface temperature gradient, which is the driving 

force for thermal diffusion. 

The complete solution is to use a resistance furnace, where the source 

of heat is the whole refractory furnace tube. A slow moving gas is heated by 

the furnace tube and contacts the crucible and melt _at the melt temperature. 

(60) 
Kontopoulos who studied the equi I ibria of hydrogen-water vapour mixtures 

with iron and iron-vanadium alloys, obtained many inexplicable results after 
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much work with an induction furnace. The same experiments were then per-

formed in a resistance furnace with complete success. Unfortunately, the 

cumbersome resistance furnace with its delicate refractories seriously 

reduces the speed, flexibility, and temperature range. 

A fourth alternative to overcome thermal diffusion errors has been 

I • (23) 
'suggested by Don de I 1 nger for I I m i ted use in ternary so I uti ons. He argues 

that if a binary equilibrium (e.g., iron and sulphur under hydrogen-hydrogen 

sulphide gas) is measured, it may be in error due to thermal segregation. 

However, the experiments may be repeated for a ternary solution (e.g., iron-

sulphur-chromium) under identical conditions, and hence identical errors. 

While the equilibrium constant is again in error, it is possible to extract 

a valid interaction coefficient (e.g., chromium-sulphur coefficient) from 

the false equilibria. Although the ternary interaction parameter is of I ittle 

value without activity coefficients for the binary solution, the argument 

has potential. 

2.5.3 In Process Engineering 

In general the Soret and Dufour effects are relatively smal I 

(although Delancey and Chiang( 6 l) suggest that the Dufour effect in certain 

liquid systems may sometimes be significant). In rrost conventional heat or 

mass transfer apparatus, therma I d i ffusion is overshadovmd. Industria I 

technology has found difficulty in exploiting the phenomenon for commerc ial 

gai n. Consequent ly, the e~rly theoretical and fundamental studies of the 

subj ect have not led to a large amount of technological application, nor to 

the accompanying information necessary for process design. The only text -

which does not involve a highly mathemat ical descrip t ion of gases but takes 

an engineering approach is that of Grew and lbbs' 62 ) . 
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The diffusion phenomenon, although weak, has been uti I ised in one 

specialised separation of mixtures and a process of industrial dimensions 

has been developed. In cases where the more conventional, physical and 

chemical methods of separati.ng gas mixtures are inoperable, thermal diffusion 

may offer a solution. One such case is the separation of mixtures of 
I 
I isotopes. The process is carried out in a Clusius-Dickel I 

(49,62) co umn • 

The separation is achieved by a novel counter-current arrangement which 

creates increasing segregation of the components as t he gas moves through the 

col umn. In principle, the closed column may be equa t ed to two flat vertical 

wal Is facing each other. One wal I is hot, the other is cold. The gas 

occupies the space between the wal Is. Thermal diffus ion occurs in the hor-

izontal plane along the temperature gradient. Simul t aneously, natural 

convection creates circulation as the gas mixture adjacent to the hot wal I 

bod i ly rises and the gas mixture adjacent to the cold wal I bodily descends. 

The interaction of the two mot ions ma y be carefully control led so that a 

wide degree of separation may be achieved. The gases are taken off at the 

top and bottom of the column. Unfortunately, the process is slow, must be 

carefully control led to prevent any ext ernal source of gas turbulence, and 

the column may have to be extreme ly large. A full scale plant was bui It in 

. (63) 
1944 at Oak R1dge , Tennessee for separation of uranium isotopes. The 

plant was successful in operation and ceased to operate only when super-

seded by the gaseous diffusion process. 
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2.6 Kinetic Studies 

Very few kinetic studies have been performed with levitated drops. 

(22 25-30) . Some ' have been mentroned already. The number is few because of 

experimental difficulties and because of difficulty in explaining the 

~xperimental data quantitatively. Appreciating the latter problen Robertson 

and Jenkins' 64 ) restricted themselves to a qualitative, yet revealing, study 

of decarburisa t ion and desi liconisation of iron drops by oxygen-bearing 

gases, which was made by use of high speed photography. Further desil iconi

. (65) sation rate measurements were made by Sano and Matsushrta by contacting 

lron-si Iicon drops with oxygen or carbon dioxide. Even for this apparently 

simple system, interpretation of the rate data becomes difficult because 

of the nature of the reaction product. The product may be gaseous SiO, 

or silica which collects on the drop surface, or a mixture of both. 

If the system is complex interpretation is probably impossible. 

If the system is simple then some attempt at interpretation may be possible. 

The attempt probably involves chemical engineering techniques with which the 

metallurgical engineer may not be completely familiar. 

2.6.1 Interpretation and ~~echanism 

Mass transfer to and from a room temperature gas which involves 

a chemica l reaction, from and to a liquid metal, lev i tated or in a crucible, 

is a complicated process. Fortunately, the overal I mechanism is sequential 

and usually one single stage controls the overall rate of the process. It 

is customa r y t o suggest a pre li mina ry mode l based upon this stage . Howeve r, 
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for such a model to be valid, the proposed control I ing step must first be 

proved, conclusively, to be the step which is in fact control I ing. Only 

then should the parameters of the model be examined. Too frequently in 

metallurgical studies, the isolation and proof of the control I ing step is 

neglected or based upon indirect evidence. 

E I . I •t t· t d. <25-30, 33 , 65 > h t d th t th ar 1er ev1 a 10n s u 1es ave sugges e a e 

rates of transfer are controlled by the gas phase conditions. If a similar 

mechanism applies to sulphur transfer, a more comprehensive interpretation 

wil I be attempted here. 

2.6.2 Mass Transfer Coefficients 

Gas phase controlled mass transfer is analogous to the evaporation 

of pure spheres into an inert atmosphere. Such vaporisation has been wei I 

studied by chemical engineers, as has the process of heat transfer to and from 

spheres. The product of these studies has been the suggestion of many cor-

relations, similar but not identical, for calculating heat and mass transfer 

coefficients. The correlations are empirical, or semi-empirical, and their 

variation from system to system is evidence in itself that the correlations 

do not fully describe the events. There are qualifications and I imitations 

to their use. The metallurgical engineer has notalways appreciated these 

I imiting conside rations. 

Some of the earliest work in the field of evaporation from spheres 

was performed by Ranz and Marshal 1(66 , 67 ) whose names are now often used to 

descr ibe the correlations. The correlations apply to a single sphere in an 

inf inite med ium of wh ich the physical properties remain constant. Heat 
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removal is by pure conduction and forced convection (radiation is neglected). 

Evaporation is by molecular diffusion and forced convection. Natural con-

ve=tion is not considered and no chemical reaction occurs. Ranz and Marshal I 

find that the rates may be wei I described, in terms of dimensionless groups, 

by: 

Nu = 2.0 + 0.6 Re 1/ 2 • Pr 113 

Sh = 2.0 + 0.6 Re 1/ 2 • Scl/3 

where the Nusselt number, Nu h.2a 
=-; 

k 

, the Sherwood number, Sh = .!:9_. 2a 
0AB 

the Reynolds number, Re = p.2a.V 

lJ 

the Prandtl number, Pr = Cp.p 
k 

the Schmidt number, Sc = --~ll-
p.DAB 

h is the heat transfer coe fficient, 

k is the thermal conductivity of the fluid; 

kg is the ma ss transfer coefficient in the fluid; 

p is the density of the fluid; 

V is the a pproach velocity of the continuous fluid; 

ll is the viscos i ty of the fluid; 

Cp is the specific heat of the fluid. 

(2.13) 

(2.14) 
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In equation (2.13) for heat transfer, and equation (2.14) for mass 

transfer, the constant 2.0 represents the flux by pure conduction or by 

·molecular diffusion. The value is determined from theoretical considerations 

of a sphere in a stagnant medium of constant physical properties (see later). 

The second term represents the flux due to forced convection caused by the 
I 
/externally imposed motion of the fluid past the sphere. The exponents of 

the Re, Pr and Sc are predicted by laminar boundary layer theory. Some 

later workers have rigidly borne in mind the theoretical considerations 

when attempting to correlate their experimental measurements to Nu - Re-

Pr or Sh- Re- Sc type relationships. Other workers have empirically chosen 

the constants and exponents which gave the best fit to their measurements. 

In the latter, the particular experimental conditions, specifically the range 

of Re, are the only ones for which the correlations truly apply. 

Any fluid motion past the sphere gives rise to convection transfer. 

In addition to an imposed velocity of the continuous phase, motion may be 

caused by density differences, resulting in natural or free convection. The 

driving force for such motion is the density difference itself, regardless 

of whether the difference is caused by temperature d i fferences or by concen-

tration differences. If the sphere's presence creates a density decrease, 

e.g., a hot sphere and a cold inlet gas- and the fluid is flowing vertically 

upwards, then natural convection aids forced convect ion transfer, Conversely, 

if the flow direction is reversed for the same hot sphere, the two convective 

forces interact in opposition. 

Natural convection, with and without forced convection around 

spheres , has been widely studied. Various correlations have been suggested 
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for predicting heat and mass transfer coefficients. Steinberger and 

T b I ( 6.8 > h · d I · t d d th t t rey a ave rev1ewe many ear 1er measuremen s an use em o sugges 

a correlation, This equation is typical of those in the I iterature and 

applies for the product [Gr.Sc] less than 108
. It is written here for 

mass transfer. 

1/2 °·62 
1/4 Sh = 2,0 + 0,347 (Re.Sc > + 0,569(Gr.Sc) 

where the Grashof number, Gr = 

(2,15) 

in which g is the local acceleration due to gravity. The subscripts= and 

i apply, respectively, to the state of the continuous phase in the bulk, 

and at the interface between fluid and sphere. The subscript f is intro-

duced as a concept for the evaluation of physical properties. It refers 

to a condition (not a physical location) which I ies between =and i. By 

definition, natural convection is accompanied by changing density which 

of course is accompanied by changing of all physical properties. The pro-

blem of choosing a single value for each property arises. Customary practice 

is to evaluate a mean, which is given at an arithmetic mean film temperature, 

T + T. = I (2,16) 
2 

There is no theoretical basis for this choice of Tf. When used in the 

correlations, it has been found rei iable for narrow ranges of temperature. 

Neithar its use, nor the empirical correlations themselves, have been proved 

for thG magnitude of the changes in physical properties which is generated 
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by temperature differences of 1600°C. There is strong reason to suspect the 

accuracy of mass transfer coefficients which are predicted for a levitated 

drop of liquid iron surrounded by a room temperature gas. 

Equation (2 .• 15) epitomises the concept that the three fluxes (molecular 

diffusion, forced convection, and natural convection) which constitute the 

gross transfer, are independent and that they may be collected together by 
\ 

s imple addition. Modern thought is that the flow behaviour is not so simple. 

Simultaneous forced and natural convection may interact with each 

(69) other so that each may be mutually influenced by the other • This trend 

is a consequence of the drift away from the empirical correlations towards 

fundamental studies. The inability of the correlations to explain 

and predict accurately for non-isothermal systems is being overcome by 

numerical attempts to solve the equations of continuity, energy and momentum, 

which correctly and· more fundamentally describe fluid flow around a 

sphere. 

The non-isothermal conditions, close proximity of the reaction tube 

wa l 1, and the slight distortion in the sphericity of the drop in a levitation 

apparatus, are conditions far re~~ved from those in which the correlations 

were devised. For a levitation apparatus, the best way to evaluate mass 

transfer coefficients is to measure them experimentally in the levitation 

apparat us itself. 

It is not the object of this study to specifically measure mass 

t ransfer coefficients with the aim of suggesting a non- i sothermal correlation 

for their prediction. However, their significance in levitation studies wil I 

be more clearly shown . Further review is omitted here. The reader is 
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recommended to the excellent, and very readable, review of non-isothermal 

. (69) 
heat and mass transfer from spheres. given by Naras 1 mhan • 

2.7 Thermodynamics of Fe-H2 -H2~ 

Historically the steelmaker has been interested in the thermodynamics 

of sulphur partitioned across a liquid steel-slag interface. The intro-

duction of oxygen steelmaking furnaces, gas bubbling in the ladle, and vacuum 

degassing, has created an increasing interest in the thermodynamics of sulphur 

between I iquid steel and gas phases. However, there is a surprising lack 

of accurate the rmodynamic data for the dissolution of sulphur in iron and its 

alloys from sulphur-bearing gases, 

The equilibria for the reaction 

H2<gas> + S (dissolved in I iquid iron) = H2S (gas) 

were studied as early as 1937( 70). Ten years later White and Skel ly( 7
f) 

carri ed out measurements, followed by Morris and Wil I iams( 7Z) in 1949. 

These early works were limited and also, when calculating the equilibrium 

constant K, did not allow for the solution's deviation from Henry's law. 

Sherman et a1( 73 ) studied the dissolution of sulphur in iron over 

t he t empe rature range 1530 to 1730°C. Cordier and Chipman( 74 ) subsequently 

used t he same apparatus and techniq ue for melts of iron and iron-nickel 

al Joys at 1600°C. Both methods used induction melting, whic h gave stirring 

of t he me lt, and also permitted h igh me lt t emperatures yet not so high 
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refractory tube temperatures. Attempts were made to minimise thermal diffusior 

errors by some degree of gas preheating. However, errors were probably 

sti II caused by thermal s.egregation and additionally probably occurred in 

the temperature measurement which was by a disappearing-filament, optical 

pyrometer focussed on the melt surface. Deviation from Henry's Jaw was 

I 
1 observed and values for an activity coefficient were determined. 

A mention of customary, metal Jurgical practice may be relevant 

here for the benefit of the chemical engineer. Studies of gas-metal 

equilibria usually follow a certain pattern which is shown for purposes of 

' example, for the Fe-H2-H2s equi I ibrium. The equilibrium constant may be 

defined: 

K = 
PH2S 

=-~--- (2.17) 
PH2. ( %S) • f s 

The gas composition is given by ratio of the partial pressures, 

The activity of sulphur in the iron, a , is given by the product s 

of the weight percentage of sulphur <%S>, and the activity coefficient 

fs. If a solution obeys Henry's law (or Raoult's), the activity coefficient 

is constant, independent of composition. Most metal I ic solutions exhibit 

deviation from Henry's Jaw and the coefficient is a function of composition. 

Thermodynamic data are usually only known (if at all) sufficiently accurately 

to al low a first order dependence upon solute content to be stated. A 

second term is defined: 

K' = ---- (2.18) 
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Therefore 

log K' = log fs + log K (2.19) 

Measurements are made of the gas ratio and the sulphur in the iron 

at equilibrium. A plot of log K' against <%S> is made. At infinite dilution 

of the solvent, f is unity and log K' = log K, enabling K to be read off s 

from the ordinate. The data are caused to fit a stra i ght I ine, so t hat: 

log fs = e: <%s> (2.20) 

where the const ant, es is the sulphur self-interaction parameter, (first s 

order) and is the slope of the stra_ight I ine. The whole procedure may be 

repeated at various melt temperatures to yield K and the interaction parameter 

as a function of temperature. 

The procedure above has been followed by most workers, including 

Adach i and Morita( 75 ) who studied the equilibria over 1550 to 1750°C, with 

sulphur concentrations as high as 5%. A carbon tube resistance furnace and 

H2-H2S gas bubbling were used in order to eliminate thermal diffusion and 

accel erate the atta inment of equilib r ium. The tempera t ure was measured by 

a disappearing-filament pyrometer sight ed on the melt surface. Unfortunately, 

the t urbu I ent s urface and changing emissivity of the me It with suI phur 

content, probably created errors. The crucibles were alumina which, at the 

higher tempe ratu res , we re a source of contamination when agitated by the 

bu bbli ng of the su lp hu rou s gases . Corros ion of the c rucibles, althoug h 

not mentioned , must have been severe particula r ly when dea ling with t he 

melts of high sulp hu r content . 
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(76) • Further Japanese studies have been performed wtth an induction 

furnace. The gases were preheated, but were not bubbled into the melt. 

Attempts to minimise temperature errors were made by using an immersed 

thermocouple in addition to an optical pyrometer. Measurements were made 

at 1500, 1600 and 1700°C. While the data at the lowest temperature appear 

to be excel lent, considerable scatter is present at the higher temperatures. 

Much improved -data were obtained by Fuwa et a1( 77 ) using a similar 

apparatus without a thermocouple immersed in the melt. Experimental incon-

venience was minimised by using only three close temperatures; 1600, 1665 and 

However, speculation about the binary Fe-S, and ternaries Fe-X-S, 

continued until the broad systematic study of Chipman and Ban-ya. Their 

study occupies three publications of which Part 1< 78 ) concerns the binary 

equilibrium. A multi-crucible resistance wound furnace was used, of such a 

I design that the r mal diffusion error was reduced, probably to a negligible 
_I 

amou nt. Errors due to optical pyrometry were obviated by use of a thermo-

couple; moreover contamination by the sheath was obviated by avoiding immersion 

in t he melt. The melts were very small (3 grams) and were quenched as a 

whol e unit in order to reduce the errors which may arise from suction sampling 

from a large melt. Temperatures in excess of 1600°C were not employed. 

Hence , contam ination by the refract ories should have been negligible. 

0 At tempera tu res of 1600 C and above, H2S exhibits a smal I degree of dissocia-

tion into H2, HS, S and s2• Very accu rat e free energ ies of formation of 

the products of dissociation we re emp loyed by Chip man and Ban-ya, in a very 

prec ise manner in order to cor rect , if necessa ry1 t he room tempe ratu re ga s 

analysis fo r dissociation at t he high t emperatures. Despite the absence of 
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measurements above 1600°C, this study is excel lent and their values are be

coming the accepted ones in the field. The equilibrium constant at 1500, 

1550 and 1600°C by Chipman and Ban-ya has been used as the standard throughout 

fhis thesis. 

Two general points emerge from the review of past equi I ibria studies. 

/Disagreement between workers is greater at higher temperatures. This is 

compatible with the increasing experimental difficulties of contamination 

and refractory wear that occurs at higher temperatures. The second point 

is that our present knowledge is insufficient to allow any dependence of 

the interaction parameter upon temperature to be stated. 

2.8 Enhanced Vaporisation of Sulphur 

It is a wei I known meta llurgical fact that when molten metals are 

contacted by unreactive gases at room temperature, the rates of vaporisation 

of t he metal are considerably greater than those predicted by the use of 

conventional mass transfer correlations. The reason is simple. As the 

meta l I ic vapour leaves the hot s u~face and moves towards the bulk of the 

gas, it encounters a continuou s ly decreasing temperature. Condensation of 

the vapour occurs to create a steepened concentration profile of the vapour 

in the gaseous environ ment. The nat effect is very similar to, but not to 

be confused with, the accelerated i ron vaporisation caused by the formation 

of iron-oxide fu me (IS>. In the latter case, the iron vapour concent ration 

grad ient is steepened by chem ica l react ion close to the surface due to the 

presence of oxygen in t he ga s. The fo rme r phenome non may be anticipated to 
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occu r when elemental sulphur {melting point 445°C> vaporises from a levitated 

iron drop into an inert gas at room temperature • 

. Tho_ughts on future methods of steelmaking include gas bubbling or 

purg i ng of the bath to remove many impurities, including sulphur. The choice 

of gas for efficient sulphur removal would be important; the choice may be 

clearly demonstrated, on a qualitative basis to the steelmaker, by use 

of a levitated drop. The rates of removal of sulphur from the iron drop into 

an inert atmosphere, and into a reactive gas, under simi far conditions, may 

be compared. 

. {22) Toop and R1chardson observed that the rates of vaporisation of 

levitated drops of copper, nickel and silver were unusually high in H2-N2 

mixtu res. Further examination of copper drops at 1400, 1500 and 1600°C in 

streams of pure nitrogen by Glen and Richardson( 79 ) confirmed the enhanced 

rates of vaporisation. Drops of iron are known to vaporise at similarly 

(80) high rates. The subject has been discussed briefly by Turkdogan and 

by Szekely and Hi I ls(SI,SZ>. However, a theoretical prediction of the degree 

of enhancement of vaporisation rates is at present not possible. 

Any study of the rates of suI phur· transfer between an iron drop and 

a reactive gas would be complemented by the inclusion of similar measurements 

in an unreactive gas. If an apparatus were successfully developed for 

sulphurisation and desulphurisation studies in reactive gases, a smal I 

additional effort to conduct a I im ited numbe r of exploratory, vaporisation 

measurements in an inert gas, would not be excessively time consuming. The 

smal I effort may lead to a disproportionately large contribution to our 

knowledge . 



CHAPTER 3 

EXPERIMENTA L CONSIDERATIONS 

The levitation technique lends itself to two basic types of eel I for 

contacting gas and liquid drop. The levitated drop may be inside a vertical 

tube , which itself passes inside the coi I. Alternatively, the coil, drop, 

( 12) 
and any other ancillary equipment, may be contained within a large chamber • 

While the latter has advantages, little may be defined about the character-

istics of the gas motion, even when a small bore injection tube is intro-

duced to "blow" onto the drop. Only when a long vert ical tube is used, which 

contains nothing but a single drop within its wal Is, may a meaningful 

gas flow rate be quoted. The second type of eel I was chosen for this 

study's experiments which are described in detail in this Chapter. 

3.1 Apparatus and Materials 

A schematic view of the general apparatus is shown in Figure I, which 

requires I ittle explanation. The scheme shown is that for sulphurisation 

experiments which represented the major portion of the total experiments 

perfor med. For other experiments the pattern could be easily changed, 

allowing a switch, or an addition, of flowmeters. Glass stopcocks were used 

for on/off control or change of gases. Needle valves were used for control 

of flow rate. Wherever possible, glass ware was used. Flexible polyethylene 

t ubing which may have an affi nity for H2S was avoided. 

40 
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In the early stages of this study additional, classical purifiers 

were included in the gas train. It was found that their omission had not the 

slightest effect on the final results. Even the chamber of powdered mag

nesi um perchlorate drying agent was omitted in some experiments. 

The flowmeters were of high quality and . the stainless steel 

floats were always steady. Concern that the corrosive nature of H2S would 

affect the rei iabil ity of the flowmeters did not materialise, although 

the same was not true of the needle valves. The flowmeters were calibrated 

against a wet-test gas meter at frequent intervals. 

The temperature of the gases at inlet was shown on the mercury in 

glass thermometer. No arrangement was made for varyi ng the gas pressure at 

the drop. The level of I iquid in the .waste gas bubbler was constant, and 

the f inal discharge was at ambient pressure. 

3.1. 1 Reaction Chamber 

The gas train allowed the gases to enter the reaction chamber under 

control led conditions. The glass chamber is shown in Figure 2 in cross 

sect ion. The gas entered a 50 mm 0.0. pyrex chamber, and rose vertically 

past the drop. The bottom was sealed with an aluminum disc, fitted with an 

"0" r ing which gave a gas tight seal yet at lowed the disc to be completely 

rotat ed. The disc carried the quartz charging rod and copper mould, either 

of which cou I d be a I i gned direct I y be I~·"' the specimen by rotation of the 

disc . The charger and mould were inserted through Swagelok connections with 

Teflon seals which were again gas tight but yet allowed both rods to be 

raised and lowe red. In certain experi ments (Section 3.2.3) an aluminum 

base , which carried an optical prism as wei I as the t wo rods, was used 
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shown. 
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The specimen was contained in a 15 mm O.D. Vycor reaction tube, 

about 27 em long, placed eccentrically above the lower chamber. By use 

of ground glass unions, the tube could be easily replaced if damaged by 

contact with I iquid specimens. Although replacement was frequent in order 

to maintain a clean tube at alI times, the Vycor was found to have considerable 

resistance to I imited contact with molten iron. The ground glass unions 

were also necessary to permit installation of the coil. 

The choice of direction of gas flow was somewhat arbitrary. However, . 

upward motion ensured that the copper mould and seals were swept clean and 

free from fume deposition. Such a choice merely transferred the problem to 

the upper section. In order to prevent any chance of error in temperature 

measurement due to deposition on the window, the narrow section was adopted. 

The narrowing of the tube did not restrict the sight ing of the speci me n, 

but trapped a stagnant pocket of gas which prevented condensation of fume or 

deposition of impurities on the prism. 

3.1 .2 Levitation Coil and Supply 

The po\~er supp I y was from a Tcccotron high frequency generator, 

rated with an output of 10 KW at 200 amps and 450 kHz. The coi I was connected 

to the generator through a water-coo led, 7.5:1 stepdol'ln transformer. 

The \·Jate r -cooled coi I itself \'las of 1/8 inch O.D. cop pe r .tubing 

sheat hed in fib re g la ss insul ation. Af t e r the coil had been wound, it was 

dipped in a weak solut ion of epoxy resin (cold mount ) wh ich added robu st ness 

and mechanical stren gt h t o t he co i l during frequent handling and coup! ing 
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to the generator. Many different types of coi I were used, but basically 

• ( 41 ) . 
the design was that ~f Harris and Jenkins , shown in Figure 3. Also 

shown is the brass former around which the copper tube was wound. The former 

had to be split and removed to allow the two upper reverse turns to be wound. 

As mentioned earlier, previous levitation studies have involved 

the use of a coi I which was chosen for its I ift characteristics alone. In 

the present study, the gas flow rate was constant, thus compel I ing the power 

input control to be used for I ift and 'temperature of the specimen. For a 

given generator, given specimen material and size, and given gas, the flexibi I i 

remaining for the operator was in the power input and in the coil geometry. 

For a given coil a temperature range of 75°C was typical; one extreme was 

the maximum power output of the generator, and the other extreme was the 

minimum power to support the specimen. Consequently, many coi Is were manu-

factured and each one chosen according to the experimental conditions 

desired. 

The basic coi I consisted of seven turns. Five of the turns were 

in a conical section, in which the lowest t~o turns were co-planar. The 

remaining t wo turns were above the cone, but wound in the reverse direction. 

A reduction of the number of lower turns, to 4 or to 3, weakened the induced 

fie ld which reduced the heat generation within the sample and yet had only 

a smal I effect upon I ift. Alternatively coils with 6 or more lowe r turns 

had differing characteristics. A coil with only one reverse turn had a 

sma l ler gradi ent of the magnetic field generated by the conical section. 

A s imilar reduct ion of the gradien t could be obtained by widening the space 

between the t wo up pe r turns and the conica l section, even after the coil had 

been coupl ed to the generator. Chan ging the gradient of the field, but not 

the field itself, permitt ed some degr ee of uncoupling of the forces of 1 ift 
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and the forces of heat generation. 

Despite the manufacture of many coils, the ra.nges of drop tempera-

ture and of gas fl ow rate were sti II narrow. Despite a theoretical under-

standing of the coi I parameters which dictated heat generation and I ift, 

a trial and error approach was often required in making the final choice. 

·I It was often possible to wind what appeared to be identical coils, but find 

the behaviour of a specimen in each of them to be different. The 

difference was often one of drop stabi I ity which was most pronounced in the 

lateral plane. The cause of the instability was usually a slight asymmetry 

in the coi I, which may have stemmed from winding, or from the input/output 

leads, or from the loop necessary to reverse thd direction of winding. 

' 
A coi I which produced an unstable specimen was discarded. 

3.1.3 The Iron Specimen 

The iron used to commence all experiments was Armco magnetic ingot 

iron, supplied in 1/4 inch, cold drawn rods with the manufacturer's analysis 

shown below: 

c - 0.032% 

Mn - 0.042% 

Si is quoted as zero 

p - 0.007% 

s - 0.019% 

02 is not quoted, but our analysis 
showed that it was approximately 
0.06%. 

Weight of speci men was of the order of I gram; the choice was a 

compromise between t oo I ight to levitate and too large for t he react ion tube. 
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Samp les were cut to a weight tolerance of ~ 2%, when making a batch for each 

experiment. For most experiments, the average weight was slightly less than 

a gram, although occasionally it was in excess or wei I below a gram. 

3 .I .4 The Gases 

The hydrogen sulphide had the typical gas analysis shown below: 

Hydrogen sulphide 99.70 molar percent 

Carbon disulphide 0.09 molar percent 

Carbon dioxide 0.13 molar percent 

Methyl mercaptan 0.02 molar percent 

Carbonyl sulphide 0.01 molar percent 

Sulphur dioxide o.os molar percent 

The hydrogen used in the H2-H2S mixtures, and for desulphurisation, 

was of a minimum purity (on a helium-free basis) of 99.999% . A typical 

analysis of the high purity gas is shown below: 

Oxygen 

Carbon dioxide and monoxide -

Hydrocarbons 

Moisture 

Helium 

p.p.m. 

p.p.m. 

0.8 p.p.m. 

5 p .p.m. 

50 p.p.m. 

The preparation for experi me nt s oft en involved t he use of argon, 

he I i um, ni trogen or hyd roge n for purging, me lting, testing, etc. Hig h purity 

was not essentia l for these auxi I ia ry pur poses and commercial grade gases 

we r e used. 
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The H2-H2S mixtures were purchased and supplied already prepared in 

gas cylinders. Despite rigid specification in ordering, and despite 

the manufacturer's quoted analysis, the H2-H2s. ratios could not be predicted 

prior to experiments. As a consequence some control of the experiments was 

lost . Gas mixtures were delivered wei I before their time of use and allowed 

to st and in the laboratory to permit complete mixing. If stainless steel 

cylinders were not employed, H2s was slowly absorbed by the wal Is of the 

cylinder over prolonged periods of time. For this reason, gas analysis 

was always performed on the day of use. 

3.2 Measurement of Temperature 

3.2.1 The Pyrometer 

The temperature of the specimen was measured by means of a Mil letron, 

two-colour optical pyrometer with a remote direct reading indicator. The 

inst rument collects the radiation from the hot SLtrface and selects two wave

lengths, approximately green and red. The intensities of the two wavebands 

are compared as a ratio. The theory invoked is that emissivity and wave-

band are mutually independent, and thus the ratio depends solely on tempera

ture. The measurement of temperatu re in this way needs to make no allowance 

for changing emissivity, any absorption effects, or size of the radiating 

source, providing that both the selected wavelengths are equally attenuated 

by the interven ing media. This principle in t8e operation causes the two

colour pyrometer to be vastly superior to other forms of optica l pyrometry . 
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3.2.2 Calibration of the Pyrometer 

Despite confidence in the two-colour pyrometer, calibration of the 

instrument was, of course, necessary. Calibration was performed regularly 

on a routine basis, and at any other times when the sl _ightest element of 

doubt arose. The calibration apparatus is shown in Figure 4. Approximately 

50 grams of Armco iron was melted in a smal I crucible of recrystal I ised 

alumina. This sat inside another crucible of graphite which acted as a 

susceptor in which the heat was generated by the induction coil. Further 

alumina insulation was used to protect the quartz tube from intense radiation 

from the graphite. The furnace atmosphere was hydrogen which maintained 

a clean metal surface on which to focus the pyrometer. The thermocouple 

shea'th was alumina. The thermocouple itself was platinum- 5% rhodium/ 

platinum- 20% rhodium, which could tolerate intermittent immersion in the 

melt as high as 1750°C. The lower I imit of the calibration was fixed by 

the melting point of iron (1540°C). The assumption was made that the cali bra

tion curve could be extrapolated below this point if necessary. In this way 

the need to use carbon-saturated melts was obviated. 

Simultaneous readings of pyrometer and thermocouple were made, at 

each step, of both an increasing tempe rature pattern and a decreasing tempe ra

ture pattern. Finally, the melt was allowed to freeze which gave an additional 

check on both pyrometer and thern~cou ple. A typical calibration curve is 

shown in Figure 5. 

Early attempts at calibrat ion were made with the graphite susceptor 

absent. Occasiona lly, spurious and erratic thermocouple readings were 

obtai ned , The suspected cau se wa s some kind of elect rical interaction 
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between the inductive field, the thermocouple and/or the melt. The 

problem disappeared when the graphite was includedand the potentiometer 

was grounded. 

3.2.3 Use of the Pyrometer 

As Figure 2 clearly shows, the drop temperature was measured by 

viewing the pyrometer from above. At temperatures below 1700°C, this 

arrangement was extremely satisfactory. Above 1700°C fume could occasionally 

be seen above the drop which, while not depositing on the optical window, 

could have interfered with the I ight path. In these cases, the temperature was 

measured from below by instal Jation of an optical prism in the aluminum 

base~ This arrangement was also quite satisfactory, although the pyrometer 

had to be resighted each time the aluminum base was rotated or removed. 

The identity of both arrangements was checked at a temperature below 

1700°C by sighting on a drop from above and then from below while alI condi-

tions were kept constant. Both arrangements recorded the same temperature 

which, inciden t ly, demonstrated the severity of the internal I iquid motion 

as wei I as the flexibi I ity in sighting the pyrometer. 

Before each experiment t he pyrometer was checked against the melting 

poin t of pure iron in a manner desc r ibed below. If the check was not in 

agreement with the calibra tion cu rve, a new calibrat ion was performed. 

A speci men of iron w~s Jevitatec, melted, pu r ified and then he ld 

in hydrogen. The temperature was care fully reduced until the I iquid drop 

0 was supercool~d to 20 - 30 C below the normal melting point. Withal I 

cond it ions steady , solidi f icati on from th is un st abl e state wa s nucleated by 
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some perturbation of the system. By observing the motion of the instrument 

needle as it climbed to the melting point and then fel I again, the freezing 

process was demonstrated and tr.e melting point was easily read off the scale. 

This procedure became common practice throughout this study, and is recommendec 

to ot her levitation workers. 

Errors in temperature measurement were difficult to evaluate due 

• (19 21 24) 
to the arbitrary nature of temperature scales. Earl ter workers ' ' 

claim accuracy of ~ I0°C based on experience. In fact, alI that may be 

claimed is that measurements are within + I0°C of the calibration curve. 

However, high quality thermocouples are known to be very rei iable. 

3.3 Procedure 

3.3 . 1 Specimen Preparation 

The 1/4 inch bar of Armco iron was merely cleaned with acetone 

to remove any surface grease before specimens were cut and weighed. 

The glass charging rod was raised, and a sample introduced from above by 

breaking a ground glass joint in the outlet I ine. The apparatus was purged 

thoroughly with comme rcial gra de argon or nitrogen. An appropriate coil 

had been chosen previously and instal led on the generator. The power was 

switched on. The speci me n was levitated and then rapidly melted in the 

low conductivity inert gas. The speci men was held liquid for a short 

time and decar bu rised by t he significant traces of oxygen impurity in the 

argon or ni t rogen. The dissol ved oxyge n wa s subsequently removed by 
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changing over to pure hydrogen. The abi I ity of hydr_ogen to remove dissolved 

oxygen is given in more detail in Table I, which shows that the practice of 

hold i_ng in hydrogen for 5 minutes more than gu.arantees complete deoxidation. 

During this ti me , any impurity of manganese and sulphur evaporated from the 

drop along with the oxygen. It is quite likely that any other trace elements, 

'such as aluminum or copper, also vaporised from the iron. The resulting 

specimen was one of extremely high purity, despite the fact that no great 

expense had been incurred in purchasing the initial material. During the puri

fication period, the conditions (power, temperature, etc.) were adjusted for 

a smooth changeover to the reactive gas, for which the needle valves were 

already set. 

3.3.2 Obtaining Rate Curves 

The hydrogen was cut off and simultaneously the H2-H2s mixture was 

switched on. The point of zero time was set when the H2-H2S gas mixture 

fir s t contacted t he drop, not when the valve was turned. AI lowance was made 

for the sma I I unavo i dab I e space between va I ve and drop on the basis of 

plug flow through the swept volu me. The drop was sulphurised at a constant 

temperature and constant flow rate for a certain per iod of time. On termina

tion the copper w.ould was raised ve ry closely to the drop, the powe r to the 

coi I was swi tched off, the sample fel I and was quenc hed to form a button 

in t he base of the mould. The quenched samp le was t horoughly cooled in a 

stream of hydrogen be fore remova I from -~he reaction chamber. 

This procedure was repeated with ma ny speci mens. The pe riod of time 

in t ho H2- H2S mixture wa s vari ed . The per iods we re in the range of 1/2 to 50 
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minutes. Between samples the reaction tube and mould were cleaned by brushing. 

The whole procedure for obtaining a rate curve was repeated at various drop 

temperatures, at three gas flow rates, and using a variety of gas composi

tions. 

Rate curves were also obtained for the transfer of sulphur from 

the sphere, into gases of hydrogen, helium and nitrogen, A sulphur-bearing 

drop to initiate these experiments was produced by constructing a rate curve 

in the manner described above. The sulphur content at any instant of time 

was then known. More specimens were levitated in H2-H2S mixtures and after 

a -cert ain period of time, say 20 minutes, the sulphurising gas was switched 

over t o the desulphurising gas. In this way the sulphur content of the drop 

at the start of sulphur removal could be predicted. Samples were quenched 

after various times in the desulphurising gas, ta ken for sulphur arialysis 

and a second, but fal I lng, rate curve obtained. When the desulphurising gas 

was pure hydrogen , great care was taken to ensure that the H2-H2S flow rate 

and the pure H2 flow rate were identical and that the drop temperature was 

the same in both gases, (see Section 5.2.3 for need fo r identity). 

3. 3 .-3 Gas Samp_~~ ng_~~d A~a I ys is 

The device A in Figure ! , for taking samples of the H2-H2s 

mixtures .is s hown in more detail in Figure 6 . The device was designed so 

that gas analysis could be carri ej out during the course of levitation. 

The samp ling bulb 'flas oH.nown volume. It was filled for ana lysis at 

leasi five ti mes th rough t he duration required to establish a re:te curve , 

The fi I led bulb wa s flushed out with he! ium at a very low flow rate for a 

peri od o f fifty minutes. The hyd rogen passed straight throu gh the absorbing 

solution ) whi c h wa s agitated by a smal I magneti c stirrer. The hydrogen 
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sulph ide was absorbed by the solution at the bubbler outlet. 

The hydrogen sulphide was determined by a method based upon the 

techn :lqu~ of K"1tchener et al (83 >. Alk I" d" h ·I ·t I t" _ a 1ne so 1um ypocn or1 e sou 1on was 

the absorbing reagent which oxidised the sulphide to sulphate. Care had to 

be taken with the alkalinity of the solution in order to ensure 100% oxidation( 8' 

The solution was always made up to a pH of 14.4. Kitchener et al recommend 

boiling the solution after absorption to ensure that the oxidation is complete, 

but tests with and without boiling showed no discrepancy. The boiling step 

was abandoned. The solution was acidified with acetic acid and, after cool i~g, 

and iodometric titration against sodium thiosulphata was performed to determ ine 

the su l phate by difference. The results of the analys is were quoted, as i s 

customary, as a rat io of partial pressures cf H2 and H2s. 

3 .3.4 Analysis of Sulphur in Iron 

The button samples produced by quenching in the copper mould were 

analysed for sulphur according i·o A.S.T.M. method E30-60T. The apparatus 

used was a Leco 518 analyser, wh ich incorporated an inductive furnace ra the r 

than a resistance unit. The weighed soec imen was placed in a zirconia 

crucible which had been fired previously to drive off any moisture or sulphur, 

and combusted by inductive h8ating in a stream of oxygen. The sulphu r passed 

of f as sulphur dioxide an d was bubbled into the titration solution. Any free 

iodine i n th is sclution wa s consumed according to: 
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The titration solution was potassium iodide in an excess of hydrochloric 

acid, in which the free iodine was generated continuously by additions of 

potassium iodate solution from a burette. 

KI03 + 5KI + 6HCI = 6KCI + 3H20 + 31 2 

Prior to analysis t he analysing unit was always checked and calibrated against 

standards of known sulphur content. The standards were supplied by the N.B.S., 

numbers 129b and 133a, given in detai I in N.B.S. Publication 260. 

3.3.5 Sulphur Profiles 

When a I iquid iron-sulphur alloy solidifies the segregation of 

the sulphur in the solid is usually pronounced, This wei I known phenomenon 

has often prevented the production of homogeneous iron-sulphur alloys at 

room temperature. Only rapid quenching can prevent s ignificant migration of 

the suI phur during the so I i d if i cation process. If the speed of the quench 

is sufficiently rapid that sulphur segregation is eliminated, then the distri

bution of the sulphur in the solid is identical to the distribution in the 

I iqu id iron immediately prior to the quench, One method by which a high 

speed of quenchi ng may be attained, is to supercool the I iquid and then provide 

a means of nucleation which wil I initiate freezing. Levitation is ideally 

suited to such a method, 

Speci me ns were levitated at a temperature of 1450°C, but in the 

I iquid phase in an H2-H2S gas mixture. After various times of sulph urisat ion 

the drops were quenched. The fi r st batch 'lia s quenc hed in t he copper mou I d in 

the usual manne r by switching of f the power, The samples were taken for 
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sulphur analysis. The second batch of drops was quenched by nucleating the 

freezi~g process while the drops were sti I I suspended in the coil. The 

spherical shape of the drops was retained in the solid phase. Some of the 

sampl es of the second batch were taken for analysis, from which a rate curve 

was established along with analyses of the first batch. Four other samples 

of the second batch, which were now known to be on the rising part of the rate 

curve, were mounted, sectioned and polished. On each of the four sections two 

diameters mutually at right angles were chosen. Each diameter was traversed 

for sulphur on the electron probe microanalyser. A count of the sulphur peaks 

gave the sulphur profile along any diameter. 



CHAPTER 4 

EXPERIMENTAL RESULTS 

The immediate product of the experiments was, in most case, clas-

sical rate curves. The curves comprised the sulphur content of the iron 

drops and the periods of time in the appropriate gas stream. Subsequently, 

various calculations were performed with these raw experimental data as a 

basis. The calculations and their consequences wi I I be discussed in Chapter 5. 

The pu r pose of the present chapter is to provide a written record of the origi-

nal da t a in tabular form. 

4.1 Sulphurisation in H2-~s Mixtures 

This section reports the data which pertain to the sulphur transfer 

from gas mixtures of H2-H2s to the initially-pure iron drops. Experiments 

were performed at four drop temperatures: 1500, 1600, 1675 and 1750°C. 

The gas f low rates used were 900, 2680 and 5070 cm3 per minute. Various 

;ulphur potentials of the gas phase were used but due to the nature of the 
. 

!;upply; I ittle control could be exercised over the composition prior to an 
PH

2
S 

experiment. However, the range of------ ratio covered 0.00015 to 0.00895. 
PH2 The upper level corresponded to approxi mately 5% sulphur in the iron at 

0 
e~ui l ibrium at 1600 C. 

55 
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4.1 . I Drop Temperatures of 1600°C 

Tables 2 to 10 show the results for sulphurising with nine different 

gas compositions, which are reported as PH2S/PH2 ratios. The drop temperature 

was 1600°C and the gas flow rate was 2680 cm3 per min. in alI cases. The 

tables are self-explanatory, except for two numbers which are reported below 

the columns and of which later mention wi I I be made. 

The weight of the specimen quoted is the mean of the weights of 

all the specimens in that table. As an example of the variation of the weights, 

Table 10 includes a column which shows the weight of each individual specimen. 

3 At the lower flow_ rate of 900 .em per min. three gas ratios were 

used to contruct Tables I 1, 12 and 13, while at the same temperature Tables 

14, 1·5 and 16 record the resu Its at the higher f I ow rate of 5070 cm3 per min. 

4.1 .2 Other Drop Temperatures 

Other experiments were carried out at drop temperatures of 1500°C. 

While this temperature is below the melting point of pure iron, it may be above 

that of high sulphur-iron allays. Consequently the I iquid samples were, at 

least initially, in the supercooled state. Tables 17 and 18 give the results at 

flow rate of 900 em 3 min.; Tab I es 19 and 20 at 2680 3 per min.; a gas per are em 

Tab I es 2.1 and 22 are at 5070 em 3 min. per 

With the drop -temperature at 1750°C results are shown for flow rates 

3 of 900 em per min. <Tables 23 and 24); of 2680 cm3 per min. <Tables 25 and 

3 26); and of 5070 em per min. (Table 27). The results of a single experiment 

at l675°C, gas flow rate of 2680 cm3 per min. and PH2S/PH2 ratio of 0.00523 are 
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shown in Table 28. During this single experiment,threeadditional "spot" 

samples were obtained with the same gas and flow rate. The temperatures were 

different from 1675°C and each sample was at steady state. The analyses of 

thesethree are not included in Table 28 since their purpose was quite separate 

from the purpose of the results presented here. They are presented, discussed 

and their purpose is outlined in Section 6.3. 

A brief examination of alI the tables wi I I show that values of the 

constant 8 are missing from the tables at temperatures above !600°C. Later 

it wi! I be shown that a knowledge of the equilibrium constant K is required for 

the evaluation of this constant~ The equilibrium above 1600°C is not known. 

4.2 Desulphurisatlon 

Sulphur was introduced into the pure Iron sample by levitation in 

H2-H2S gas, under known conditions, so that after a certain period of time, say 

20 minu~es, the sulphur content was known. The sulphur .,.,as then removed from 

the drop by pure H2, by inert gas, or by inert gas-H2 mixtures. AI I desulp huri

sation experiments were performed at one t emperature alone: I600°C. 

4.2.1 Desu! phurisati_on by Pure Hydroge~ 

Three desu lphurisation experlrnents were pe r forme d in pure H2, one 

at each of the three gas fiow ra tes . The results are sho~n in Ta b les 29, 30 

and 31 . Each set of data Is comp3~ible with a particular sulphurisation 
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experiment which was necessary as a source of sulphur-bearing drops. Table 29 

at 900 cm3 per min. is compatible -with Table 13; Table 30 at 2680 cm3 per 

min. with Table 7; and Table 31 at 5070 cm3 per min. with Table 16. 

4.2.2 Desulphurisation by Inert Gas 

Desulphurisation of the drop by pure helium gave the results shown in 

Table 32, while Table 33 shows the rates helium, helium-hydrogen, and hydrogen. 

The composition of the helium-hydrogen mixture recorded in the table is 

that quoted by the gas supplier. The wide difference in the power of helium 

and of hydrogen as sulphur removers can easily be seen from the tabular 

results. 

The removal of sulphur by nitrogen is I isted in Table 34. The 

composition of the nitrogen-hydrogen mixture was measured by analysis using 

a gas chromatograph with a si I ica gel column. The volumetric flow rate is 

almost nineteen I itres per minute which is much greater than any other flow 

rate used previously. The low conductivity of nitrogen dictated a high flow 

rate in order to maintain a sufficient rate of heat removal from the drop. 

4.3 Sulphur Profiles 

A total of 13 iron specimens v1ere levitated at 1450°C in a H2-

3 H2s gas mixture flowing at 1680 em per min. Of the total, four samples, 

although supercooled, we re quenched in the normal manner in the copper mould 

after various times. The remainder "''erequenched after various times, while 

levitated within the coi I, from the supercooled state. The solidification 
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process was initiat~d by any slight perturbation of the system. Of the nine 

solid spheres obtained in this way, five were taken for sulphur analysis 

along with the mould-quenched samples. Figure 7 shows the results through 

which an approximate curve has been drawn by eye. 

From the figure, the sulphur content of each of the remaining 

four coi !-quenched specimens may be crudely estimated. They are shown 

below tog~ther with their respective times in the H2-H2S mixture. The speci

mens are obviously from the steeply rising part of the curve and not from 

the steady state region. 

Estimated sulphur content was 0.9% after 4 minutes 

Estimated sulphur content was 1.0% after 5 minutes 

Estimated sulphur content was I .I% after 6 1/2 minutes 

Estimated sulphur content was I .2% after 8 minutes 

The samples we re mounted, sectioned along a diametric plane, and 

examined on the electron probe microanalyse r for sulphur. Traverses were 

performed across two diameters, randomly chosen, but mutually at 90°. 

The size of the sulphide inclusions was constant along the two traverses, 

as was the frequency of the incl usions. Although t he circular perimeter of 

the observed plane (i.e., the sp he re's surface) was bevel led after polishing 

which made si ghting difficult, no ma rked increase in sulphur was detected 

at t he circumfe rence. As the samples cont ained no impurities the sulphide 

pea ks we re very dist inct. The peaks were easily counted from the chart 

output, which wa s quite con vent ional and hence need not be incl uded. 
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The conc~usion was confidently drawn that the sulphur distribution, 

at al I times during sulphurisation, was homogeneous throughout the specimens. 



·CHAPTER 5 

DISCUSSION OF RESULTS: KINETIC ASPECTS 

In the main part of this c~apter the remarks refer to the sul

phuri s ing of the drop in H2-H2s gases and the consequent rate curves which 

were produced. Where comments are included which pertain to other experi

ments, they are clearly marked as such. The results given in detai I in the 

previous chapter are now discussed from a kinetic point of view; the thermo

dynamic aspects wil I be discussed in Chapter 6. 

5. I Interpretation of Transport Process 

The objective of the analysis of the results was threefold: 

(I) To confirm or deny the presence of a significant t hermal diffusion flux. 

(2) To explain the observed rates of sulphur transfer by a mechanistic model. 

(3) To predict rates of transfer by means of the quant itative rr0del which 

includes the thermal diffusion flux. 

In order to initiate an explanation the potential mechanisms of 

t ransfer were scrutinized. 

5 .1.1 Transport Control 

The sulphurisation of iron involves a number of elementary 

steps in series. These may be as follows: 
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(I) Transfer of hydrogen sulphide from the bulk of the gas to the interface 

by molecular and thermal diffusion, and convection. 

(2 ) Adsorption of gaseous hydrogen sulphide onto the gas-metal interface. 

(3) Reaction of hydrogen sulphide to hydrogen and sulphur on active sites. 

(4) Desorption of sulphur from the active sites at the interface into 

I iquid spec ies. 

(5) Transfer of dissolved sulphur from the interface to the bulk of the 

liquid by molecular diffusion and by convection. 

(6) Other steps which involve the net motion of hydrogen: desorption and 

gas phase transfer. 

The overall rate of transfer may be governed by a single step or 

by a combination of steps. The net rates of each step are equal. 

The scheme of the steps is typical of that for any similar gas-1 iquid-

metal system involving a simple chemical reaction. Other systems wi I I vary 

s lightly, particularly in the positioning of the chemical reaction in the 

sequence and in the number of parallel reaction steps if the reactants and 

products are multiple. 

Before examining the sulphur rates in detail, certain qualitative 

evidence existed which gave an indication of the control I ing steps. This 

evidence gave an insight into the various resistances involved, including 

which one may be the greatest. 

P . E . Oth k (25,26,27,29,33,79,85) h h d rev1ous xper1ence. er wor ers w o ave passe 

various gases around metal spheres have found that the control! ing step is 

usually mass transfer of some speci es in the gas phase. The overal I rate 
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was control led by transfer from the bulk gas to the interface. This step 

had a much greater resistance than the other steps. Equilibrium was assumed 

to exist at the interface. The bulk · I iquid composition was in equilibrium 

with the interfacial liquid composition. However, this evidence, although 

significant, is far from proof; the fact that the gas phase controls the 
' 

overal I rate of decarburisation in an fe-C-0 system does not mean that the 

same argument applies to the fe-H2-s system. 

Liquid Stirring. The motion of a I iquid metal which is caused by an electro-

magnetic field is wei I known. The levitation field creates internal 

motion within the drop. for a perfectly symmetric fie ld and balanced drop, 

this motion would be regular. In practice the motion is extremely irregular. 

Confirmation of the speed and of the erratic nature of the motion was 

demonstrated by visual observation of any non-inductive particle (e.g., 

iron oxide) floating on the surface of the drop. A high speed film by 

(85) Palmer , some frames of which are included in reference (85), admirably 

show the I iquid motion. The I iquid phase resistance was expected to be 

neg l igible since the large convective transfer of sulphur would provide 

large l iquid phase transfer coefficients. The large coefficients applied 

for heat transfer as wei I as mass transfer; the temperature within the drop 

was expected to be uniform. 

The convective forces of the internal motion cannot be evaluated. 

However, the I imiting case in which they are zero may be calculated. The 

rate of sulphur transfer into a stagnant I iquid drop by pure molecular diffusion 
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may be calculated for a given sulphur potential at the surface of the drop. 

The calculation is shown in Appendix I in detail, which concludes that the 

attainment of steady state is much more rapid than the measured rates shownr 

i n the tables of results. With the added I iquid stirr ing which, ·in fact, 

enhances the diffusion coefficient, the rate of attainment of steady state 

would be even more rapid. Since the measured rates of sulphur transfer 

were so slow by comparison, it is most unlikely that the I iquid phase transfer 

resistance had any influence at all on the overall rates of transfer. 

Sulphu r Profiles. The results given in Section 4.3 tor the rapidly quenched 

supercooled drops showed sulphur homogeneity in the solid sphere. The 

orizontal sulphur profile may have origin~ted from a s loping profile in 

the liquid which was destroyed and made horizontal by sulphur migration on 

solidification. However, this was improbable and the plausible explanation 

was that the sulphur was uniform before quenching. This argument imp I ies 

negligible I iquid phase resistance to the transfer of sulphur within the 

drop. 

Iron Su lphide. At no time during sulphurisation was iron sulphide observed 

t o form on the surface of the drop. 

Reactions and Temperature. Althoug h ther8 are metallurgical examples of 

reactions some slags as reactant s -- which are slow at temperatures of 

I600°C, t hey are fe w. The reaction t or the forma tion of sulphur from hydrogen 

sulphi de is gove r ned by rate constan t s wh ich ma y be expected on an i nt ui t ive 

0 basis to be extreme ly large at tempe ratu res of 1600 C. 



65 

Liqui d Phase Desorption. From an intuitive view of the ene.rgies involved, 

the desorption of adsorbed sulphur from the interface to the I iquid iron 

phase, may be considered as an easy step. The resistance of the desorption 

step is probably smal I and not I ikely to be a rate-control ling mechanism. 

· The qualitative evidence above collectively indicated that 

attention may be profitably directed towards the gas phase process, when 
I 

searching for the control ling mechanism. With this in mind, the quantitative 

evidence is reviewed below. 

A novel approach was applied for analysing t he various transfer 

steps. The differential rate expression which described each step, was 

written for each step, and alI expressions were set equal to the overal I 

rate. The equations were manipula t ed in order to obtain a solution in 
I 

terms of those members of the equa t ions which we re known. A solution was 

obtained for the various cases of rate control of the overal I process. Ful I 

detai Is of this analysis are given in Appendix 2, which has a form which may 

be app l ied to any gas-liquid system, levitation or cruc ible. 

Step I. If the flux of H2s from t he bulk of t he gas mixture to the I iquid 

surface were by pure diffusion, in the absence of convection, then Fick's 

law would apply. The radial component of the flux at any point would 

have the wei I known form 

Flux = C • DHZ-H2S • {5. I ) 

· I 
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where r is any radial dimension from the centre of the drop in excess of 

r = a. 

The concentration profiles are usually impossible to measure 

in most media. The mass transfer coefficient kg is th-erefore introduced. 

It is defined in terms of the mass flux at the interface (in the presence 

or absence of convection) 

Flux at the interface 
d(xH2S> 

= C.DH -H s· 
- 2 2 dr 

The mass transfer coefficient has analogy with the diffusion 

(5.2) 

coefficient. It is generally independent of composition. However, it is 

a function of the physical properties of the gas and also of the geometry. 

Later mention wi I I be made of the evaluation of total molar concentration C, 

and also the inclusion of a thermal diffusion component in equation (5.2). 

To introduce the thermal diffusion flux at this stage would be premature. 

Strictly speaking equation (5.17) applies for our situation. However, the 

omission of the effects of temperature differences in the gas mixture does 

not detract from the validity of the following analysis and it may faci I itate 

clarity. 

Step 2. The molecules of gaseous H2s adsorb on active sites at the inter

face. The process is reversible and continuous and may be accompanied by 

the desorpt ion of H2S back to the gas, which must be considered. 
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(5.3) 

The k' s are the appropriate forward and reverse constants for the mechanism, 

and a re similarly defined for the other steps. Thee's are the various 

fractions of the total active sites at the surface which are occupied by 

the various species CH2S, H2, S) or are vacant CE>. 

Step 3. The chemical reaction is straight-forward if any single vacant 

site is alI that is required for the forward reaction to proceed. 

Step 4. Sulphur is desorbed into the I iquid iron. 

Rate = k5 • es - k6 . aSi • eE 

(5.4) 

(5.5) 

(5.6) 

Step 5. Liquid phose transfer of sulphur by diffusion and convection within 

the drop. 

(5.7) 

Step 6. There is a motion of hydrogen between the gas phase and the inter

face. The net rate must be equal to t he rate of production by Step 3. 
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(5.8) 

The nature of the chemical reaction creates one molecule of sui-

phur for every molecule of hydrogen sulphide, hence the rate of any step may 

be conveni ently expressed in terms of sulphur. The left-hand sides of equations 

(5 .2>, (5.3), (5.5) to (5.8) are equal to the overal I rate, which is 

Overa II rate (moles of sulphur) 

(unit area)(unit time) 

where A is the surface area of the drop; 

wt =---
A.3200 

t is any instant in time during sulphurisation. 

d(%S> 

dt 
(5.9) 

The norwa! situation is to find values of the coefficients or rate 

constants by making other mea surements including the overal I rate. However, 

the process is usually thwarted by an inability t o measure the in ternediate 

parameters (i.e., a and interfacial concentrations). Usual ly only the 

compositions at· the extremes (i.e., bulk state) may be evaluated. The 

i nd i vi dua I so I uti on of each :a-re equation for each step is prevented. Any 

solution must be attempted using the bulk composit ions only, whi ch often 

prevents the achievement of a ful I solution. The introduct ion of any 

sc ient if ic technique, whi ch permits the measu r ement of the interfacial 

properties during the course of a rate e:><per·imer.t , v1ould be invaluable. 

S h ~ I • (i2) uc a .ec~n 1 que may soon be av~l la ble . 
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In the present sulphurisation studies the extreme compositions -

bulk gas ratio and bulk liquid sulphur content-- are the only compositions 

known. While a complete solution is impossible special cases where a certain 

step controls the overal I rate may be expressed in terms of knowns by 

manipulation of the equations (Appendix 2). The products of the manipulation 

are shown briefly here. 

Gas Phase Control Initial Rate. 

wt 

A • 3200 

d(%S> 

dt 
(5.10) 

t=O 

The initial transfer ra t e (at t = 0 tor a drop initially tree of 

sulphur) is directly proportional to the bulk gas sulphur potential. The 

initial slopes of rate curves whic h are obtained with different gas ratios, 

but ot herwise ident ical conditions, would exhibit this I inear dependence it 

t he gas phase were, in fac t , control I ing. 

In obt aining eq uation (5.10) equi I ibrium at the interface is 

assu med. By definition, ga s phase control implies that the gas and I iquid 

molecules adjacent at the interface a re in equi I ibrium. 

Adsorption Cont rol Initial Rate. 

A • 3200 
t =O 

= 
xH2S= • ·k 1 • k 7 

k
8 

• xH
2 

+ k
7 

(5.11) 
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Unfortunately, the equilibrium is such that the changes in partial 

pressures of H
2 

CxH
2

i = xH
2

co_ = xH
2

>_ are negligible for even large changes in 

partial pressure of H2S in the bulk gas. For practical purposes, the initial 

transfer rate is directly proportional to the xH2s"". The dependence of initial 

rate is thus the same for adsorption control as for gas phase control. 

I 
Chemical Reaction Control Initial Rate • 

wt 

A • 3200 

dC%S> 
dt 

= 

t=O 

Desorption Control Initial Rate. 

wt dC%S> 
A • 3200 dt 

= 

t=O 

k1 .k3 .k5 .k7 .k7 .xH2s= 

Liquid Phase Control. 

wt 
A • 3200 

dC%S.2_ = 
dt 

(5.12) 

(5.13) 

kl (a • - a ) s1 s= 
(5.14) 
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The condition of interfacial equilibrium permits a . to be related 
51 

to the gas# xH2sm# at alI times .through the equilibrium constant • 

I 

I 

wt 

A • 3200 

d(%S> 

dt 

. kl • xH2S= 
=-----

xH2= • K 
t=O 

(5.15) 

Initial rates are again directly proportional to the gas composition. 

However# the constant of the proportionality kl is dependent on I iquid 

phase conditions only (independent of gas flow rate>. 

The condition that the interface is always at equilibrium for 

gas phase control and for liquid phase control is wei I illustrated by this 

anal~sis. By applying the conditions of either of the two controls, the 

- mechani stic equations may be manipulated to yield: 

xH2Si k2 .k4 .k6 .k8 = (5. 16) 
xH2i • asi kl.k3.k5.k7 

The derivation of equation (5.16) is given in detail in Appendix 3. 

The right•hand side consists of constants which are dependent on temperature 

only. Equation (5.16) is thus a thermodynamic identity of the equilibrium 

condition. The right-hand side is analogous to an equilibrium constant which 

may appl y at the interface at alI times. 

The next task after formulating the analysis was to compare the 

exper imental data with the predictions of the analysis in the hope that the 

possi bi I ity of one type of control could be eliminated. The experiments shown 



72 

in Tables 2 to 10 at 1600°C and flow rate of 2680 cm3 per mi~ were identical 

except for the bulk gas ratio. The initial rates of sulphur transfer to the pure 

drop were compared to the sulphur potential of the bulk gas mixture for 

these results. The comparison is shown in Figure 8 which clearly indicates 

the l inear relationship. This is consistent with the analysis for gas 

phase control, control by the adsorption step, or by the I iquid phase. 

Such a relationship would also be predicted when any of the three steps 

were i n joint control. The slope of the I ine in Figure 8 is, of course, 

a measure of the rate constants or coefficients for that particular step, 

e.g., if there were gas phase control the initial rate would give kg, and 

then sulphur concentrations at greater times could be predicted using this kg. 

Having eliminated some steps, further proof is necessary to discriminate between 

the t hree possible steps. 

The methods by which the rate constants or coefficients were 

evaluated wi I I be discussed later in Section 5.2.1. At this early state it 

i s su f ficient merely to know that they were enumerated. 

Two important properties of the coefficients were examined. 

If the control were by the gas phase, forced convection would make 

signi f icant contribution to the transfer of H2S and so the coefficient would 

be a f unction of the gas velocity around the drop. On the other hand, the 

rate constant for the adsorption reaction, and the mass transfer coefficient 

for t he liquid step, should be inde penden t of the gas flow rate. The constants 

of the proportionality were compared at the threa flmt rates (at one drop 
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temperature). As an illustration, the values applying for Tables I I to 13 

were compared to the values for the experiments shown in Tables 2 to 10, 

which were in turn compared to values which were extracted from the data in 

Tables 14 to 16. The later table, Table 35, shows the comparison cfearly. 

Since the gas compositions did not enter the dependence, average values over 

the range of compositions were taken, and these were compared for cases of 

constant drop temperature. The values were clearly dependent upon gas flow 

rate, which indicates the importance of the gas phase resistance. Furthermore, 

the values of the coefficient were approximately proportional to the square 

root of the gas flow rate which is in agreement with the empirical correlations 

for continuous phase mass transfer (Section 2.6.2). This evidence clearly 

suggests that alI transfer resistances other than those for the gas phase 

are negligible. 

The second examination was of the temperature dependence of the 

constants. Changes in temperature from 1500 to 1750°C created slight changes 

in the physical properties of the gas and the I iquid which, in turn, would 

affect the values of kg and kl . However, this effect would be quite smal I. 

In contrast, the dependence of an adsorption rate constant, say k 1, upon 

temperature is large, probab I y exponential. The changes in kl from 1500 to 

1750°C would be by a factor in excess of two. A crude calculation of this 

change is shown in Appendix 4, which is based upon the I ikely exponential 

relationship between adsorption constant and temperature. The experimental 

coefficients did not exhibit this rna g11 i tude of change with temperature. The 
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unchangi.ng values of the rate coefficients from 1500 to 1750°C is additional 

evidence of gas phase control. · 

On the basis of the large amount of evidence discussed, the conclu

sion was drawn that the overal I rate of sulphur transfer was controlled by 

the transfer of H2s in the gas phase. Further discuss ion and interpretation 

of the experimental results are made on the basis that this conclusion is 

va I i d . 

5.1.2 Thermal Diffusion Flux 

Traditionally thermal diffusion fluxes have been studied in the 

class ical two bulb experiment, in which the gas mixtures were allowed to 

reach steady state before analys i ng for the degree of separation of the 

components. In metallurgical studies where thermal diffusion was thought to 

be important, the consequences of thermal diffusion on the experimental 

varia bles have received att ention rathe r than the thermal diffusion flux 

itself. These t wo situations have Jed to a popular misconception; t hermal 

diffus ion is thought of as an equi I i brium, or at most, a static effect in which 

gases are permanently seg regated. However, it is in fact a dynamic effect, 

and is appropriately classified as kinetic. The t~mperature gradient is a 

drivi ng force which gives rise to a molecular motion which occurs at a finite 

speed, The flux may wei I be a fun ction of ti me-dependent parameters, and hence 

itself may change with ti me . When t he rma l diffusion is discussed it must be 

considered at alI ti mes of a rate expe ri ment, not just at steady state. 

The si gnifica nce of t he r ma l diffusion l'tas illustrated very clearly 

in the sul phur isat ion experiments by compa ring t he s t ea dy stat e sulp hur 
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content of the drop with that predicted from the gas analysis. The equi I ibrium 

sulphur content was found by using Chipman 1 s relationship 
(78) 

for the 

part i cuI ar gas mixture flowing past the drop. The comparison is graphical ly 

illustrated in Figure 9, which contains the data of Table 8 at I600°C. 

This form of rate curve and the discrepancy between the sulphur content 

predicted from gas analysis and the measured content, was found for alI 

experiments at 1500 and 1600°C. Figure. 9 is typical and illustrates the magnitude 

of the discrepancy relative to the total sulphur in the iron. At steady 

state, equilibrium existed across the gas-liquid interface. The gas very close 

to the liquid surface was in equilibrium with the sulphur in the I iquid. 

The amount of H2s adjacent to the drop therefore must have been lower than 

the amount in the bulk H2-H2S mixture. This was caused by continual migration 

of the H2s molecules away from the hot gas at the surface towards the cold 

bulk gas. Thermal diffusion of H2 molecules was equal and opposite. At 

steady state this migration at the surface was balanced by the convective 

f I ux of H2s tm>~a rds the drop. A dynamic, but time-independent, state existed 

in the gas. 

The flux of H2S due to therma l diffusion, sign ificant at steady 

state, was present at alI times. The net flux of H2S comprised two components. 

The convective flux (molecular, forced, natural) was given by equation (5.2), 

to which the second component of flux was added: 

Net flux of H2S = C • kg (5.17) 
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The thermal diffusion flux, NT, is given by equations (2.11) and (2.12) 

NT = DH2-H2S • kT • C • grad In T (5 .18) 

Note that the two fluxes in equation (5.17) are in opposite directions. 

Equation (5.18) applies at any instant in time or space. In order 

to find the degree of segregation created by the flux over a space 

coordinate or length which has different temperatures at its extremities, 

the equation must be integrated. The integration is difficult, but fortunately, 

is not necessary. Our interest is restricted to the flux at a special loca-

tion. The thermal diffusion flux at the gas-metal interface is the flux which 

is rel evant to the overal I rate of sulphurisation. The flux is normal to the 

surface and so the driving force reduces to the radial component of the 

temperature gradient. Equation (5.17) becomes 

dr dT } 
(5.19) 

The usual difficulty in integrating equations of the form of equation 

(5.18) is that the thermal diffusion ratio kT is not a constant. This is 

one area where the similarity between the molecular diffusion coefficient 

for a binary gas at moderate pressures and the thermal diffusion coefficient 

no .longer holds. The ratio kT is dependent upon the gas composition. A clue 

t o the form of the dependence may be now briefly mentioned. For an 

equ imolar binary mixture t he value of k1 is finite. Consider mixtures 

which are increasingly rich in one component. In the I imiting case as the pure 

gas is approached kT must tend towards zero. Thermal diffusion does not occur 
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in a pure gas. The functional dependence upon composition has yet to be 

truly identified. It may be complex< 47 , 51 ) if ful I account of the structure 

of t he molecules is taken, or it may be simple if a working ralationship is 

·required. Furry et ai(B6) were the first to suggest for a binary mixture 

of A and 8 that: 

(5.20) 

where a is a constant, independent of composition, usually referred to as 

the thermal diffusion factor. 

E t . ( 5 20) . . d I t d I · b I · t · (50 > qua 1on • IS WI e y accep e as a re Ia e approx1ma 1on 

of t he complex methods for predicting kT. It predicts that kT is zero for 

each pure component and has a maximum value for equimolar concentrations. 

The sma l I numbers of experimentally determined values of kT for various gas 

combinations that do exist, confirm that equation (5.20) is sufficiently 

accu rate for most purposes. Methods which are based upon the kinetic theory 

of gases are available for calcu lating values of a. Like the molecular 

diff usion coefficient, a is temperature dependent. 

The basis for equation (5.17) was equation (5.2) which was derived 

for an isotherma l gas. Temperature gradients existed in the gas around the 

levitated drop and the driving f orce for convective t ransfer of H2S extended 

between the t wo I imits of the tempe ra tu re difference. This created the problem 

of . what molar concentration to use for the gas. On t he basis of gas ideality, 

the molar concentrations at room tempe rature and 1600°C differ greatly. 

The present day kno~tledge does not provide a solution of theoretical origin. 

Hol'iever , practical circumstances have led to a rei iable answer. Single 
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valued properties are chosen which have the same net effect on the overal I 

transfer as the changing values. These are defined as those evaluated at 

an e f fective temperature, Tf (see equation (2.16)): 

.Ti + T 
00 

Tf = 
I 2 

(5.21) 

Thetotal molar concentration Cf evaluated at Tf, was used to replace C in 

equation (5.19). The final flux equation which should apply for our 

expe r iments was: 

wt dC%S> = 
A • 3200 dt 

(5.22) 
T dr 

Note that this equation, with the thermal diffusion flux included, reduces 

at time zero to equation (5.10). 

5.2 Proof of Flux Equation 

The proposed flux equat ion (5.22) and its derivation have firm 

fou ndation. Various consequences of this equation were examined. It was 

tes t ed to see how wei I it agreed with the experimental data. A comparison 

between the exper iment and equation (5.22) for particular situations is 

made below. 
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5.2.1 Methods of Solution 

In equation (5 .• 22) certain members of the thermal diffusion term 

rema i ned constant over the period of any particular sulphurisation experi

ment . At any fixed temperature, alI the terms except the mole fractions 

were constant. For the range of gas mixtures employed, the changes in the 

' mole fraction of hydrogen at the interface were negligible in comparison 

to ! he changes in xH2si. Hence, xH2 i could be taken as a constant. A 

collective constant b, was defined: 

wt 

A • 3200 

d(%S> 

dt 

b = 
0H2-H2S ' a ' xH2 

T 

dT 

dr 
(5.23) 

(5.24) 

The term b, although not a mass transfer coefficient, is analogous 

t o kg and has the same units. Both were found to be slightly temperature 

dependent. Both were strong func t ions of flow rate. The most important 

member of b is the tempera ture gradient at the interface which defies 

direc t measurement. 

At drop temperatures where the equi I ibrium constant is known, 

xH2si can be calculated from the ana lysis of the sulphur inthe iron, <%s>. 

The flux equation has two unknowns, kg and b, It was solved and their 

values found by the four methods described below. 

Method One. At zero time xH2si was zero, kg could be found if tho left hand 

side of the flux equat ion were known, Values of the equilibrium constant 
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were not involved with initial rates. 

At large ti mes the left hand side was zer6, and b was given in 

terms of kg. Values cf the equi I ibrium constant were necessary to obtain 

b. 

A graphical plot was made of the sulphur in the iron versus time. 

The initial slope to give kg was taken from a i ine through the early 

points. At the other extreme, t he obv;ously steady state points were 

averaged and the mean value used to find b. The validity of the two values 

was checked by solving the flux equation at all times beiween the two 

ext remes. Agreement at the Intermediate times over the whole length of the 

ra t e curve, within experimental error, verified the form of the equation. 

Needless to say, this method suffered from the lack of accuracy comrron 

to alI graphical techniques which invol ve differentiation. 

tljei'hod Two. The flux equation was Integrated to yield an analytical 

solution when the assumption was made that the activity coefficient was 

constant and independent of the sulphur concentration. At low sulphur 

concentrations (i.e., particular-ly close to zero time) the activity 

coefficient was not far removed from unity. 

wt 

A • 3200 

d(%S> 

dt 
= 

Cf • kg • ( xH~S 
K. PH2 .. t • %S 

I S ------)-
L ao 

C.b.K.PH2 .• t .%S 
I S ) 

(5.25) 



where PT is the total atmospheric pressure. 

where 

lntegr·ate with f constant: s 

<%S> = Sl [I - exp . 

constant, 81 
Cf .kg .xH2Sco. PT 

= 
Cf.kg.K.PH2 i .f

5 
+ 

where constant, 82 = 
Cf.kg.K.PH21 .f5 

PT 
+ 

( -A.3200.t.B2 ) J 
wt 

(C.b.K.PH2.f ) s . 
I 

C.b.K.PH2 .fs 
------ ). 

I 

A curve fitt i ng t echnique was used to search for values o f const ant Sl 

81 

(5.26) 

and constant 82 in eq uation (5.26) to give t he best t rt of the exper imental 

points. The criterion for the best fi t was the minimum sum of the squares 

of d i ffere nces between predicted and mea sured values of s u lphur content 

in the drop. F ~om the val ues of 81 and 82, kg and b were extracted g iven 

the equ i I ibr i um constant. These we re put into equation (5, 24), whic h was 

solved nume rical ly wi th t he true dependence of the activity coeff icient 

Incl uded, The advanta ge of this method was tha t the sea rch patte r n f or kg a nd 

b and t ~e numer ical integrat ion we re separated. 

Method Three . The in t egrat ion and the searc h pattern we re combi ned but· t he 

search reduced t o one va ri ab le , The steady state sulph ur conten t was fo und 

by ave rag i ng t he obvi ousl y s teady s t ate va lues. The lef t hand side of t he 

fl ux equat ion was se t eq ual t o zero and b expressed in t erms of t he unk~own 

kg , The f iux eq ua ti ,Jn ha d now on ly one ur known paramete r . It was solved 

at al I t imes by a f in ite diff e r ence t ec hnique wh ile s imu ltaneous ly searc hi ng 
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for the value of the one unknown which gave the best fit to the experimental 

data by a least squares criterion, 

Method Four. The final method was to integrate equat ion (5,24) by finite 

I 
differences with simple marching steps, while searching for the values of 

. kg and b which gave the best fit to the data, The two-variable search 

(87) 
pattern was the Hooke and Jeeves technique, The computer programme for 

. (88) 
the search is described in deta i l in Appendix 3 of Pang's thesis • 

This method had the advantage that alI the experimental points 

were taken into account along the whole of the rate curve, The objective 

func t ion (the error) of the search had only one minimum and yielded unique 

values of kg and b. 

AI I four methods gave similar results, but those of method four 

were considered to be the most rei iable because of the advantage mentioned, 

The results of method four only wi I I be included in this thesis, 

5,2, 2 Solutions at I600°C 

The flux equation was first compared with the nine expe riments 

at 1600°C and gas flow rate of 2680 cm3 per min, (Tabl es 2 to 10), The re 

is I ittle to be gained from incl uding alI nine graphical comparisons here 

one example is c hosen, The experi ment at a gas ratio of 0,00250 (Tabl e 3) 

is s hown in Figure 10, The curve s hown is the solution of the flux equation 

for kg = 39,6 and b = 23, 6 , The agreement is excel lent and typica l of tha t 

fou nd in t he other ni ne exper iments , The I ine s hown in Fig ure 9 is t he 
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numerical solution of the points in Table 8. The values of kg and b found 

are summarised below. 

PH2S 
103 ratio I .86 kg 38.9 em. b 24.0 em. X = = per s. = per s. 

PH2 

II II = 2.50 II = 39.6 II II = 23.6 II 

II II = 3.61 II = 40.3 II II "" 25.9 II 

II II = 3.99 II = 40.4 II II = 24.1 II 

II II = 4.29 II = 42.5 II II = 25.3 II 

II II = 5.32 II = 41 .3 II II = 23.7 II 

II II = 5. 72 II = 41 .4 II II = 22.8 II 

II II = 6.44 II = 41 • I II II = 22.0 II 

II II = 7.47 " = 39 .I II II = 21.7 II 

Average = 40,5 II Average = 23,7 " 

The excel lent agreement of each curve over the range of gas compositions 

demonstrated, not only the appl icabi I ity of the model, but also that the 

approxi mate functional dependence of therm'al diffusion upon composition 

was suff iciently accurate. 

3 At the lower flow rate of 900 em per min, the three sets of 

data were equally we i I fitted by the flux equation's solution, Of the three, 

(Tabl es I I to 13) the exper ime nt at ga s ratio of 0,00215 is shown in 

Figu r e I I. The values which gave the best predicted curve we re: 
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PH2S 
103 ratio I .56 kg 20.7 em. X = = per s. b = 16 .I em. per s. 

PH2 
~ ,, II = 2.15 II = 22.5 II II = 19.3 II 

II II = 4.96 II = 21 .o II II = 18.3 II 

Average = 21 .4 " Average = 17.9 II 

0 At the same temperature of 1600 C three rate curves (Tables 14 

to 16) were obtained at a flow rate of 5070 cm3 per min. 
! 

The one at a 

gas ratio of 0.00186 is shown in Figure 12 with the closest fitting 

curve which resulted from the solution of the flux equation. The values of 

kg and b were: 

PH2S 
103 ratio I .86 kg 44.2 em. b 31 .3 em. X = = per s. = per s. 

PH2 

II II = 5. 72 " = 48.0 " II = 29.3 II 

II II = 6.39 " = 47 .I II II = 30.9 " 

Average = 46.4 " Average = 30.5 " 

The variation in composition of the H2-H2s was circumvented by 

con f ining attention to the average values only of kg and b. As was 

expected, the mass transfer coeffi cient increased with increasing gas velocity 

as the contribution of forced convection was enlarged. The increasing flow 

rate also produced more hea t remova l from the drop, which led to steeper 

temperature gradients at the i nterfaca dnd so caused increases in the va lues 

of b. 
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5.2.3 Desulphurisation in Hydrogen 

Before discuss i_ng the suI phur i sat ion resu Its at the other tempera

tures, the results for the removal of sulphur from the drop appropriately 

fit into the discussion at this stage. The rate curves for sulphur removal 

provided final and additional proof of the gas phase control and of the 

vali dity of the flux equation. Three rate curves were obtained, one at 

each flow rate and alI at 1600°C; the one at 2680 cm3 per min. (Table 30) 

was plotted in Figure 13. The points showing the increasing sulphur content 

were those of Table 7 for an H2-H2s gas with a ratio of 0.00532. The curve 

through the points was the best solution of the flux equation, for which kg 

and ,b were found. After 20 minutes the gas was switched to pure H2 but 

}emperature and flow rate were held constant. The points of the fa I I ing 

rate curve were obtained. The change in physical properties in switching 

f rom H2-H2S to H2 was negligible. The values of kg and b found for the rising 

curve applied for the fa I I ing curve. However, the direction of gaseous 

convective flux was changed. For sulphurisation, the convective flux and 

thermal diffusion flux were in opposition. For desulphurisation, both terms 

on the right hand side of equation (5.24) became negat ive. With kg = 41.3 

and b = 23.7 em. per s., equation (5.24) with xH2s~ set at zero was integrated 

by a finite difference technique. The starting point for the integration was 

taken as the sulphur content at 20 minutes which was predicted by the sul

phurising curve (as opposed to the point or points>. The fal I ing curve on 

Figure 13 shows the solution, which is in excel lent agreement with the 

experi mental points. 
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3 The experimental points for pure H2 flowing at 900 em per min. 

(Tab le 29) are shown in Figure 14. The starting samp les were provided by 

the H2-H2s rate curve which are I isted in Table 13. The parameters which were 

found to apply were kg = 21.0 and b = 18.3 em per s. Equation (5.24) was 

solved with these values when both fluxes were negative, to give the fa I ling 

rate curve shown in Figure 14. Experiment and model were again in agreement. 

Solut ions were also obtained at other values of b (wi t h the same kg), to 

illustrate the effect of the thermal diffusion flux. Of particular interest 

is the curve for b = -18.3 em. per s., which represen t s the effect of not 

changing the direction of the fluxes. 

The H2-H2s data in Table 16 gave the rate curve shown in Figure 

3 15 for a flow rate of 5070 em per min. The parameters for the closest curve 

· were found to be kg= 47.1 and b = 30.9 em. per s., and they applied for the 

pure H2 data shown in Table 31. The experimental points of Table 31 are 

shown in Figure 15 along with the predicted curve obtained by integrating 

equat ion (5.24) for sulphur removal. 

5.2. 4 Solutions at Other Temperatures 

0 The approach described a bove for the experiments at 1600 C was 

0 appl ied to a! I the work at 1500 C. Values of the equ i I ibrium constant were 

known at 1500°C and so equation (5,24) could be solved, The values of kg 

and b .,.,hi ch gave the best fit to the expo r i men t·a I data were obtai ned. 

Some of the curves which gave the minimum su m of the squares of the 

differences are shown graphi cally. Of the h1o experi ments at a flow rate of 

3 900 em per min, (Ta bles 17 and 18) the experimental points at the gas ratio 
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of 0.00654 (Table 18), are shown in Figure 16. The curve shown represents 

kg= 21.5 and b = 17.3 em per s. 

The two experiments at a flow rate of 2680 cm3 per min. are in 

Tables 19 and 20. Figure 17 shows the data of Table 19 along with the cal-

culated curve. 

The highest 3 flow rate, 5070 em per min. (Tables 21 and 20) 

Figure 18, was drawn to show the agreement between the curve and the data at 

a gas ratio of 0.00219 (Table 21 >. 

The experiments and calculations which have been discussed so far 

are summarised in Table 35. Every experiment is shown and the calculated 

values of kg and bare included. The independence of the two coefficients 

and of the PH2S/PH2 ratio is apparent . Average values, over the ranges of 

gas compositions, were calculated and these are I isted in the table. From this 

point onwards the average values are the ones to be examined. 

Table 35 is a very comprehensi ve table and is a numerical synopsis 

of the kinetic data and their interpretation. The experiments at drop tempera

tures of 1750 and 1675°C are included . At these temperatures, the equi I ibrium 

constants were not known. Values of b therefore could not be calculated and 

are ab sent from Table 35. 

The average values in Table 35 allowed the e f fect of flow rate and 

drop temperature to be examined. The increase in veloc ity past the drop created 

s teeper concentration and temperature gradients which enlarged t he values of 

kg and b, (see equations (5.2) and (5.23). With the flow rate constant the 

i nc r eases in temperature created smal I increases in kg. This was due to smal I 

c hanges in physical properti es of the gas and/or , an increase in the natural 

convection component of mass transfer. Changes in values of b with temperature 



were not measured with sufficient precision to make any general statements. 

5.3 Calculation of Mass Transfer Coefficients, kg 

The control of mass transfer by the gas phase resistance and the form 

of the flux equation (5.24) have been proved. In so doing, the coefficients 

- kg and 5 were evaluated; as a secondary matter their numerical values were 

exami ned. A comparison was made between them and values which could be 

calculated a priori. 

Methods for calculating heat and mass transfer coefficients for 

flow around spheres were discussed i n Section 2.6.2. Some of the difficulties 

were outlined. The suggested equations were used to calculate values of kg which 

may be expected to apply for the levitated drop. 

AI I the physical properties were evaluated at the effective film 

tempe rature Tf. The actual values and their method of calculation are given 

in detail in Appendix 5. The val ues were first used in the Ranz and Ma rshal I 

correlation (equation 2. 14), even though the correlation was not derived for 

a non-isotherma l gas around the drop. In the absence of any contribution due 

to natural convection values of kg , or the more universal Sherwood number, 

were calculated. The introduction of the concept of Tf overcame the probl em 

of physical properties; the evaluation of t he approach velocity of the gas 

was complicated, The correlation ass ume s that the approach velocity is uniform 

and ex t end s ove r a cross-section that is large relative to the drop. The 

annulus wh ic h wa s fo rmed between the levi tated sp he re and the r eacti on t ube 

in cross-sect ion, r educed t he area for gas flow significantly. There fo re , 
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the velocity of the gas was increased as it passed the equator of the sphere. 

The presence of this wal I effect almost certainly gave higher mass transfer 

rates than would have occurred if the reaction tube were of infinite radius. 

The correlation was applied usi~g both the superficial approach v~locity and 

the velocity through the annulus. 

The contribution of forced convection to mass transfer may have been 

enhanced by increases in local velocity close to the drop. These were caused 

by volumetric expansion of the gas as it was heated by the proximity of the 

hot drop. The argument was proposed therefore, that the velocity may be cal-

culated at room temperature or at Tf. 

The I imits of the range of Re which resulted are as follows: 

Minimum flow rate: 3 900 em per min. 

Approach velocity at room temperature, no wall effect: Re ~ 

Velocity at Tf, wal I effect: Re ~ 5 

Maximum flow rate: 3 5070 em per min. 

Approach velocity at room temperature, no wal I effec1-: Re ~ 5 

Velocity at Tf, wal I effect: Re ~ 26 

The experimental ma ss transfer coeff icients were converted into Sherwood 

numbers, Sh, and were compared with some of the calculated values in Table 36. 

A cursory examination of the levitation apparatus led to the conclu-

sion that natu;al convection effects were pronounced. The large temperature 

differences between the gas at the interface and t he gas in bulk created 

densities which were of the order of six-fold different. However, a more 

thorough examination of the convection currants showed that a quick look at 
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temperature d i fference alone may be extremely mislead i ng. 

Earlier levitation wor kers' 25 , 26 , 27 , 29 , 30 , 79 , 85 ) elected to allow 

for natural convection by t he use of t he correlation of Stein berge r and 

T I ( 68) · · · · t · ( 2 I 5 > A I th h t h r eyba wh 1 ch 1 s g 1 ven 1 n equa 1 on • • cJug ere are many 

other corre I at ions in the literature, each 'rl i th its own vices and v irtues, 

t his equa t ion was chosen for use he re as an illustrative example and to permit 

easy comparison with the ear l ier workers. Some of the values of Sh predicted 

by this correlat ion are shown in Table 36, 

While the agreement bet ween the experimonta: values and the values 

calculated by any of the empi rical methods i s poor, the very fact t hat a l I 

t he nu mbers a r e of t he same orde r of magn it ude is gratifyi ng . The agreeme nt 

is muc h better t han was ori g inally antic i pat ed, whe n alI t he fac t ors mit i ga t in g 

against the corre la tions we r e cons id9red , 

The values of the Sh calculated with and without natural convection 

were close, Indi cating t hat f ree convect ion wa s a small effect desp i te t he 

steep temperatu re grad ients , (Changes i n density due to t he compos i t ion of 

t he gas we re neg ! lg ible , ) The explana t ion is tha t the Gr Is r e lati ve ly sma l I. 

Although the change In densi ty ~ as t he ratio p /p., was la r ge, t he change 
oo I 

(p -p. ) p f 
co l 

wa s sma l I fer a gas whi c h was predom inant ly hydrogen . The para meter 

Gr dic t at es the magni t ude of natura l convection, not t he temperature dif fe rences 

a lone . The re la t ive Importa nce (i n contrast to magnitu de) of na tural convec -

tion i n any sys t em depends upon t he cont ribu t ion to the tota l convect ion: 

it must bG corTJpored wlt h t he for·ced conveci'ion , The compa r i son is readi ly 

a f fo rded by t he r at io Gr /Re2 , . (69) 
Naras imhan found t ha t: 
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Natural convection is negligible for Gr less than 0.2 
Re2 

Forced convection is negligible for Gr greater than 80 
Re2 · 

For a I gram drop of iron at 1600°C in hydrogen, the Gr was approximately 10, 

which gave the following ratios: 
I 

fOr Re = I , then Gr 10 ::--7 = 
Re 

For Re 26,. then Gr 0.015 = ---,-. = 
Re2 

Even though the values of Re were smal I, the ratio above sti I I 

indicated that natural convection was smal I relative to forced convection in 

most experiments . 

Some of the earlier levitation workers have expressed their final 

results as mass transfer coef ficients rather than quote them as Sherwood 

numbers. The advantage of using Sh is illustrated in Table 34. · AJ I the values 

of the Sh were close to 2. The contributions of both natural and forced 

convection were smal I. However, the special I imiting case of Sh = 2, for pure 

molecular diffusion, is true only for isotherma l conditions. In the presence 

of changing physical properties Sh can be shown to equal values other than 

2, (Appendix 6) . Hence, in using the correlations evaluated at Tf, not only 

may the forced and natural convective terms be in error but also the ordinary 

diff usi on term. 

The correlations were derived for mass transfer by convection and 

diff usion alone in the absence of therma l diffusion. Strictly speaking, the 

prese nce of therma l diffusion due to tempe rature gradients affects the composi-
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tion gradients (and vice versa). In this way, the mass transfer coefficient 

has a slight dependence upon the flux due to thermal d i ffusion. This inter-

active effect is probably smal J~ · since the experimenta l values of kg remained 

constant as the magnitude of the thermal diffusion flux was changed at 

constant temperature and gas flow rate. However, theoretically the dependence 

does exist. 
I 

The proposal of an equation which correlated the experimental mass 

transfer coefficients or the search for an existing correlation which gave 

better agreement, was not the object of this thesis. Improved methods of 

prediction wi I I probably become available in the future. They wi I I correctly 

describe the effects of temperature gradients; they wil I probably show that 

the forced convection and natural convection contributions are not separate 

terms which may be independently added as in equation (2.15). However, at 

this stage the Ranz and Marshal I type correlations have been proved quite 

adequate for order of magnitude calcul~tions. 

5.4 Ca lculation of Thermal Diffusion Constants, b 

In the previous section, one of the pair of constants which the 

soluti on of the flux equation provided was compared with valu~s pfedicted 

by sem i-empirical correlations. Similar attempts were made to compare the 

therma l diffusion constant b, with values which were derived from other 

sources . The values of b up to this stage were experimental numbers without 

funda me ntal . significance. They had the same units as kg, and incidently 

were of the same order of magnitude. Howeve r, not only did b permit the correc-
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tion for the thermal diffusion error in experiments, but also it could be 

used to predict the thermal diffusion factor a. In equation (5,23), the 

molecular diffusion coefficient can be computed from the kinetic theory of 

gases, which would enable a to be calculated if the interfacial temperature 

gradient were known. The fol lowi~g analysis was proposed to estimate the 

temperature gradient at the surface. 

Electromagnetic stirring in the I iquid creates a uniform tempera

ture distribution in the drop as wei I as a homogeneous sulphur profile, The 

molar concentration gradient in t he gas phase creates mass transfer, to which 

the heat transfer is analogous when created by a temperature profile which 

is free from effects of radiation. For a gas which is primarily hydrogen, 

very 'l i ttle radiant energy is absorbed by the molecules surrounding the drop, 

The temperature gradients are due to convection and conduction only. The 

mechan i sm which facilitates mass transfer is the same mechanism which facili

tates t he non-radiant heat removal from the surface of the drop. The analogy 

between heat and mass transfer is complete if we neglect spatial variations 

of physical properties in the gas phase. The analogy between heat and mass 

fluxes must now be placed on a quantitative basis. 

One easily understood way to illustrate the relationship between 

the two fluxes is to examine t he emp irical correlations, Equation (2,13) 

applies for heat transfer without natural convection. It may be written in 

general terms including a contribution by natural convection as: 

Nu = 2,0 + F( Re ,Pr) + F'(Gr,Pr) (5,27) 

Nu = 2,0 + F( Re) , Pry+ F1 (Gr) • Pry* (5,28) 
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where F and F' marely represent some functional dependence. The indices y 

andy* may not be accurately known, or equal, but are of the order of 1/3 

or 1/4. For most gases the Pr and the Sc ar·e approximate I y unity, which suppresse 

the effect of the index. Approximate the index to a reasonable value, say 

1/3. Equation (2.15) for mass transfer may be written: 

Sh - 2.0 = F(Re) • Sc 113 + F' (Gr) • Sc 1/
4 

Sh - 2.0 

Nu - 2.0 

(5.29) 

(5.30) 

The term (Sh - 2.0> represents mass transfer by forced and natural 

convection. These same convective forces cause the heat transfer which is 

r epresented by (Nu - 2.0). Thus, Shand Nu may be related through ratio of 

(Sc/Pr> 113 when evaluated at the mean 'f ilm temperature. In this way, the 

heat transfer coefficient, h, may be evaluated from the experimental meas ure-

mcnts o f the mass transfer coe fficient kg. 

The convect ive heat flux Q, from the drop to the bulk of ihe gas , is 

given by: 

Q = h • CT. 
I 

T ) 
CD 

(5.31) 

This overal I flux must be the same flux (non-radiant) that is con ducted from 

t he surface of t he drop 1n the radial direction: 

Q - - (k • 
dT 
-) 

dr 
(5.32) 
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where the thermal conductivity k, of the gas is evaluated at the surface 

tempe rature. The . radial temperature gradient at the interface is then sub

stitut ed into equation (5~23) and the thermal diffusion factor found at any 

value of b. 

The above sequence was followed using the average values of kg and 

0 b at t he three gas flow rates at temperature of 1500 and 1600 c. The six 

values of a are shown in Table 37 and are compared with the theoretical value 

of a. Theoretically predicted values of a at 1500 and I600°C were approxi-

mately equal when calculated at one atmosphere by a method based upon the kinetic 

theory of gases. Further detai Is of the method are outlined in Appendix 7. 

In view of the tenuous nature of the heat-mass transfer analogy, · the agree-

ment 'be tween experi mental and theoretical values of a is better than had been 

antici p~ted. There are no measured values of a for H2-H2S mixtures at these 

temperatures reported in the scientific I iterature, and so no further compari-

son ma y be made. 

A varia t ion on t he argume nt outlined above is to calculate the con-

vective heat trans fer coefficient h, directly from a popular empirical corre la-

t ion <e .g., equat ion 2.13}, Large errors may be introduced as a consequence 

but, on the other hand, there is no necessity for experimental measurements of 

t he ma ss transfer coefficient. 



96 

5.5 Desulphurisation by tnert Gases 

The knowledge which has been gained recently about the sulphur 

transfe ~ in hydrogen was applied to t he inert gases. The rates of desulphuri-

sation in helium and nitrogen are shown in Tables 32, 33 and 34. The presence 

of sma l I amounts of hydrogen greatly en hanced the rates indicating that desul-

phurisation of steel melts by i ne r t gas on an industrial basis is doomed if 

the in itial trials with hydrogen are unsuccessful. An attempt was made to 

predict the rate of sulphur removal and as an example, the results of Table 32 

were chosen. 

The transfer rates we re as sume d to be gas phase control led and 

interfacial equilibrium was pres umed to apply. The sulphur vapour was assumed 

t o transfer completely through to the bulk gas of the helium even though 

t his part of the gas may be wei I below the condensation point. The sulphur 

species in the vapour was ta ken as s2 and the equi I ibri um for the surface 

reaction was given by: 

2 
. s2 <gas) = S (dissolved in iron) (5.33) 

(5.34) 

. (89) 
The value of K was ta ken from page 525 of ElI iott and Gle1ser • 

s 

The flu x equation, wh ich ignored any the rma l diffusion was: 
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= [kg.Ct . • (x.-x >]~ S 
1 ~ ,or 2 vapour (5.35) 

Mole fraction of s2 in the bulk gas was zero, a nd at the inter

face it was calculated from equation (5.34). The flux equation wa s solved 

for vario1:s values of the mass iransfer coefficient. One value was calculated 

f rorn Kanz and rvlarshall correlation (equation 2.14) vdi"h an approach velocity 

at r·oom t emperature. All physical properties were evaluated at Tt. The 

correlation yielded a value of 3.2 for the Sherwood number. A second value 

of Sh = 4 was found when al lowa~ce for a contribution by natural convection 

was made (eq uation 2.15). The rates of desulphurisation which would be pred icted 

by these two values of Sh are shown in Figure 19 which also shows the points 

mea sured experimentally. The calculated curves and the measured data are 

widely different. Figure 19 also includes t wo curves which show the rates 

of desu!phurisation thai' correspond to Sh = 10 and Sh = 13. These higher 

values of Sherv:ood number give closer agreement with the experimental points. 

In any gas- I iquid mass transfer experiment in which there is dis-

agreement between the measured rates and those predicted by empirical correla-

t ions, the cause is usually that the correlation is inapplicable. This reasoning 

suggests that the predictions based upon gas phase cons iderations alone are 

incorrect in the present study because the experiment itself is not the gas 

phase control led. However, if significant resistances to transfer did exist 

other than in the gas phase, then the measured rates would be less than the 

empirically predicted rates. Figure 19 shows the reverse. The discrepancy 

in the present study therefore, is not caused by the assumption that desulphuri-

sation may be treated as pure evapo~ation. 



-. 98 

Earlier evidence in this thesis has shown that the predictions of 

the empirical correlations may be unreliable in non-isothermal conditions. 

This may be the cause of the di screpancy in Figure 19. However, the discrepancy 

appears exceptionally large and suggests some other cause. The evidence is 

consist ent with the hypothesis that the sulphur vapour was condensing in the 

gas film prematurely, before reaching the bulk gas state where room tempera-

ture prevailed. The condensation occurred at some location between the norrnal 

boiling point of sulphur and room temperature: This location would be dictated 

by the vapour pressure - temperature relationship of sulphur and the actual 

partia l pressure in the gas. The concentration gradient of the sulphur 

vapour was thereby increased and enhanced transfer rates consequently were 

created. Unfortunately, our present day knowl~~ye is insufficient to express 

this enhancement on a quantitative basis. 



· CHAPTER 6 

DISCUSSION OF RESULTS: THERMODYNAMIC ASPECTS 

6.1 Introduction 

The pre ious chapter was concerned with the kinetic aspects of the 

sulphurisation process. The interpretation of the results and the analysis 

of the behaviour were undertaken with an explanation of the kinetic events 

as the primary objective. The information which the interpretation produced 

appli ed at alI ti mes of the whole process, including the special case of large 

times. The present chapter wi I I discuss the equilibrium condition of the 

experiments. The d iscussion wi I I . represent a very gene ral example of a 

classical interpret ative technique: that is, the mea surement of equi I ibrium 

data by means of ki netic experi ments . 

The flux equation which correctly describes the transfer process 

contains three parameters: 

(I) the mass transfer coefficient, kg, 

(2) the therma l diffusion constant, b (compri sing a and dT/dr), 

(3) the equi I ibrium relationship at the interface, K. 

With experimental data ava ilable and a knowledge of K, the equation 

has been solved to yield values of kg and b. Unfortu nate ly, the rule that 

knowledge of any one of the three va l ues permits evaluation of the othe r 

t\oJo , is not True in genera l. If kg and bare known initially by some means 

99 
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then i t should be possible to eva l uate K. The method is the converse to what 

was jone in Chapter 5 and is out! i ned below. 

6 .2 Evaluation of K from Rate Curves 

Rates of sulphurisation were measured at 1675°C CTable 28) and also 

at 1750°C for the three different flow rates (Tables 23- 27). On the basis 

. ( 78) 
t hat Chipman's results could not be extrapolated to temperatures above 

1600°C, values of K were not known for these slx experiments . Values of t he 

mass transfer coefficient were found, in effect, from the initial ra t e data . 

Values which applied for each rate curve are shown in Table 35, which fndicates 

no va I ues of b. A rreihod 'ltas necess.J ry by which rhe known va I ues of b at 

1500 and 1600°C could be extrapolated to higher temperatures. 

The measured values of b at 1500 and 1600° C showed no signi f icant 
' . 

trend with tempe rature. In view of the na-t-ure of the components of t he 

collective constant , a slight dependence of bon temperature had been antici

pated origina lly. Over the narrow range of I00°C this dependence wa s not 

verified by experi ment which, t he re fo re, dictated th<Jt values of bat the 

higher temperatures be taken as the average of the va I ~,;es a ·~ 1500 ami I 600°C . 

flow rate 900 3 min., b 17.2 At of em I average = em. per sec . 

At f lo1v ra te of 2680 3; . em m1 n. , average b = 24 . 2 em. pe r sec. 

At flow ra te of 507C 3 I • em , m1 n., average b - 31 . 2 em. per sec~ 

Th8 vaiuBs of the act!v it"y coefficient f,_ for s!..l! ph u:- dissolved in 
,;, 

Iron were assumed t o be const an t ove r the temperature rang9 . It wa s known to 
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be t he same at 1500, 1550 and 1600°C. It was I ikely to have a similar value 

For each of the six rate curves, the steady state sulphur content 

of t he drop was averaged from the poi nts which were obviously at steady 

state. The left hand side of t he flux equation (equation 5.24) was set equal 

t o zero. 

for K. 

The values of kg, b and f were substituted which permitted the solution s 

As a c heck, the knowr. parameters were inserted in the fu II f I ux 

equation which was then integrated from time equal to zero. The integration, 

whi ch produced weight percent sulphur In iron again~t time, was compared to 

t he original experiment al points over the whole time period. 

The six values of K, each of which represents ~n independent 

1easu1-ement, are sho11,1n in Table 38. Figure 20 shows them in graphical 

form. 

A final word is necessary here in order to c larify any ambiguity 

which may exist over the expe rimental basis for the calculated values of K. 

The values which have been found are values at one gas composition alone. 

The concept of log K'-- that is, extrapolation to infin i te dilution over a 

gas composition range (Section 2.7) --has not been emp loyed here. Secondly 

e~isti n g values of the activity coefficient were necessary to find values of K. 

The au t hor is well aware of these facts. The importance of Figure 20 is not 

in the numerical values which it shows at 1675 and 1750°C, but in the method 

by which ii was derived. A means has been demonstrated by which true equilibrium 

constants may be measured for a gas-metal system even t hough thermal diffusion 

errors are present. The exper iment al efficiency of this method is demonstrated 

in the following section. 
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6.3 Evaluation of K from "Spot" Measurements 

The method for evaluating the equilibrium constant was described 

above. The power of this method in terms of experimental efficiency was 

illustrated by three discrete measurements. Immediately after constructing 

3 the rate curve at a flow rate of 2680 em per min., and drop temperature of 

1675°C (Table 28), three individual samples of iron were levitated in the known 

H2-H2S unti I steady state, (30 minutes). The drop temperatures were 1650 

and 1700°C to straddle the range on each side of l675°C; the third tempe rature 

was 1550°C which was chosen as a check v9lue since Kat 1550°C was already 

known but had never been used so far. The sulphur con tent of the samples 

was found to be: 

At 1550°C, sulphur content of drop was 1.87% 

At 1650°C, sulphur content of drop was I . 61% 

At 1700°C, sulphur content of drop was I ,64% 

The mass transfer coefficient was known to vary slightly with 

temperature. 0 The value at 1675 C was kg= 42.0 em. pe r s. For the other 

temperatures, this value was proportioned according to the pattern established 

in 1ab le 35. The known values of kg, b, xH2s~ were su bstituted into equation 

{5 ,24) at steady state to yield three values of xH2si. In turn the true 

equi I ibrium constant was found from the th ree sulphur compositions. 

At 1550°C, equilibrium constant was 0,00234 

At 1650°C, equilibrium constant was 0,00270 

At 1700°C, equi librium constant was 0,00266 
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The three "spot" values of K are shown against the reciprocal of T 

in Figure 21. Although the findings of Chipman were indirectly necessary to 
-

0 calculate a "spot" K value at 1550 C, the agreement between the two values 

is excellent. The assumption that b may be taken as constant over this tempera

ture range introduced only a very smal I error. The three points in 

Figure 21 represent a net experimental duration of only 90 minutes. 

6.4 Comparison of K with other Measu rements 

The equi I ibria of the Fe-H2-H2s system has been studied by various 

workers over the last thirty-five years. The merits and defects of the studies 

were discussed in Section 2.7, which drew the conclusion that only the recent 

. ( 78) t hermodynamics reported by Ch1pman were essentially devoid of error. 

Notwi t hstanding, the past studies have been collected together on Figure 22 

and this at lows a graphical comparison of at I the equi I ibria in existence, 

including the values found in the present project. The levitation results 

are in fair agreement with the data reported in the I iterature, which gives 

strong confirmation to the method by which they were derived. 

The results obtained in the present project I ie below the extended 

0 straight I ine through Chipman 's three point s at 1500, 1550 and 1600 C. The 

explanation is that slight dissociation of the hydrogen sulphide occurs at 

temperatures in excess of 1600°C. Trace amounts of othe r sulphurous gases 

are formed as products of the ~~ lecul a r dissoci ation. This suggests that the 

dissolution of sulphu r in the iron was no longer a single chemical react ion 
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at the higher drop temperatures. The traditional I inear relationship between 

the equilibrium constant and the reciprocal of temperature can be derived 

' - only ~hen two conditions are satisfied. The heat of the chemical reaction 

must remain constant and the stoichiometry of the react ion must remain un-

changed as the temperature is varied; only then is the I inearity preserved. 

For H2S the heat of the reaction may or may not have changed as temperatures 

0 above 1600 C were encountered. However, the stoichiometry certainly changed 

w~en molecular dissociation occurred. The multiple reaction caused deviation 

f rom the straight I ine proportionality as the number of H2S molecules at the 

surface was slightly depleted. Some of the equi I ibria measurements by the 

early workers shown in Figure 22 make no allowance for the slight dissociation 

at the highe r temperatures. These measurements may be corrected by using the 

f ree energies involved in the dissociation to correct for the sma l I change in 

H2S content at the me tal surface. This correction would move the values of K 

into closer agreement with those of this study. 



CHAPTER 7 

INTERPRETATION OF EXISTING DATA 

7 .I Introduction 

The foregoing chapters have given emphasis to the method of inter

pretat ion of levitation data rather than to the numerical values which were 

produced by such interpretation. An attempt wil I be made in this chapter 

to demonstrate application of the method and yet, at t he same time, produce 

meaningful numerical values which may be compared to known values. 

Equilibria in various systems have been measured by the levitation 

technique. Often, errors due to the rmal diffusion have been present. An 

example is the work of Larche( 21 •90 ). The example is excel lent for the purposes 

of our demonstration because the data are extensive and wei I recorded, and 

secondly, because the task may be attempted by two approaches: experimental 

and non-exper imental. 

Larche studied the thermodynamics of the ternary system Fe-0-Cr 

with levitation me lting. In so doing, the oxygen contents of iron drops 

(without chromium) became avai I able when at steady state with various H2-H20 

mixtures and various CO-C02 mixtures. The equilibrium constants calculated 

from these measurements, particularly in H2-H20 gas, were clearly in error 

due to therma l diffusion in the gas mixture close to the drop surface. For 

this reason , fur ther work with the iron-oxygen binary contacting H2-H20 

was abandoned. The subseq uent measurements with the te rnary to give the chromium 

105 
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oxygen interaction parameter were successful. Fortunately, the authors have 

included t he initial data in the absence of chromium and it is to this 

~nclusion that our attention is directed. 

7.2 Equilibria under H2-H20 Gas 

The levitation apparatus for the oxygen study was very similar to 

that used for the present sulphur study. The details of the appa ratus and 

the experimenta l conditions are wei I recorded. The experimental information 

gathe red in the present study is directly applicable for accurate correct ion 

of any error caused by thermal segregation of the hydrogen and the water 

vapour. 

On the basis that the rate of the reaction 

H2 Cgas) + 0 (dissolved in I iquid iron> = H20 (gas) 

was controlled by the tran sfer of water vapour from the bulk gas to the drop 

surface, an analogy with equations (5.23) and (5.24) may be drawn. If the rma l 

diffusion flux is significant, then at steady state we may write: 

0 = kg • Cf • ( xH20 -xH20. ) - (E. C . xH2• xH20) . 
0 0 "" I 0 I 

dT 
where the constant, E = aHZ-HZO • DHZ-HZO • 

dr T 

( 7. I > 

(7.2) 

Comp let e rat e curves were not provided by Larche . Steady s tate 

val ues only were measured , at drop temperatures of 1550, 1600 , 1650 , 1700 
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and 1750°C. Many of the dimensions of the apparatus were identical to those 

of the present study. The gas flow rate past the drop was I litre per min. 

The major component of the mixtu re was hyd~ogen which gives further similarity 

t o the H2-H2s mixture, and in pa r ticular, the absorption of radiant energy can 

be ignored. The simila r ity of diffusion, forced and natural convection in 

t he gases meant that these mass transfer mechanisms we re identified by the 

same Sherwood numbers for both systems when at identical flow rates and drop 

temperatures. The Sh for each temperature of Larche's study could be predicted 

from the sulphurisation experiments, and hence kg became available. The 
0 

analogy between heat and mass transfer is invoked as before, which permits the 

calculation of Nu and subsequently (dT)/(dr) .• Physical properties, including 
I 

the the rmal diffusion factor for hydrogen-water vapour mixt ures, may be 

ca lculated by the sa me methods shown in Appendices 5 and 7. Values of E are 

found for each of the five drop tempe ratures. 

Unlike the constant b, t he term E has been defined so that it does 

not inc lude eithe r of the mole fractions of the two ga seous components . The 

quantity of wate r vapour in the mixture v;as significant and in some cases 

xH2 wa s removed from uni t y, un li ke xH2 in t he H2-H2s mi xtures. Although 

the hydrogen was by far the ma jor component, in equation (7.1) the te rm of 

xH2 had to be repl aced by (I - xH20>. For each of the many values of bul k gas 

compos it ion, equation (7.1) is sol ved for t he correspondi ng value of xH20i. 

In turn, this may be compared with t he meas ured oxygen content in the iron 

t o yield an eq ui I ib r ium constant 



108 

(7 .3) 

In this way, K was found for every steady state that had been 
0 

measured, and the average was taken. This was performed for each of the 

fi ve t emperature levels studied, which comprised a total of 42 levitated 
I 
I 

sampLes. Some of the salient values which the preceding calculation produced 

are l i sted in Table 39. 

A graphical presen t at ion is made in Figure 23 which i I lustrates 

with more clarity the correct ion for the error due to thermal segregation. 

. . (91 92 93 94) 
For purposes of comparrson four other studres ' ' ' of the same 

syste~ are included, which clearly indicate the validity of the correction. 

A comprehensive comparison with all other works is given in the original 

(21 90) 
references ' • 

7.3 Equi I ibria Under CO-C02 Gas 

The above example served to show how accurate equilibria may be 

extracted from data containing thermal diffusion errors. The key to the 

accuracy of the method was the rei iable and accurate values of kg which had 

been found by experiment for the particular system in use. i</henever accuracy 

is desired in the prediction of equi I ibrium constants, kg should be found 

experimentally and if K is known at one particular temperature, b should be 

found expe ri mentally. However, an approximate assessment of any system may 
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be made on a basis which is non-experimental. Such an assessment is recommended 

for any future levitation study and should be undertaken prior to the commence

ment of the levitation programme. The information which is provided wil I 

assist in designing the laboratory programme. The approach to follow is outlined 

be low. It has been followed for the case of liquid iron levitated in mixtures 

of CO-C02 gas at steady state. 

I) Assume gas phase control and formulate an explanation of the mechanism 

simi Jar to equations <7.1) and (7,2), For the dissolut ion of oxygen 

in iron from CO-C02 mixtures, this would be: 

dT 
E' = °CO-C02 ' 0co-C02 ' 

dr T 

The pri med variables refer speci f ica lly to the CO-C02 syst em. 

(7 .4) 

(7,5) 

2) Calcul at e t he appropriat e physica l properties and f rom them Sh by a Ranz

Marshal I t ype cor re lati on. An es ti mate of the contribution by natural 

convect ion mu st be included if it is significant. 

3) Ca lculate the gas phase ma ss t ran s fe r coe f f icien t . 

4) Calcul at e t he ga s pha se (convect ive ) heat transfe r, , i.e., Nu by use of a 

corre lation for heat loss whi ch is analogous to t he corre lation used fo r 

mass transfe r . 
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5) Step 4 provides the heat transfer coefficient, follov1ed by the convective 

heat flux, from which the interfacial temperature gradient is found. 

6) Calculate E'. 

7) Compare the magnitudes- of the convective flux and the thermal diffusion 

• j flux in order to estimate the characteristics of the experiment which is 

to be undertaken in the future. 

8) For the CO-C02 data which have been gathered, the gas composition at the 

interface may be found for each corresponding gas analysis in the bulk. 

The equilibrium constant is calculated by comparison with the oxygen 

dissolved in the levitated drop. 

KCO-C02 = 
PGO .• <%o> 

I 

(7 .6) 

The above approach is approximate but even so, may be informative 

t o any proposed levitation study. The approach was used to examine the CO-C02 

data Of Larche ( 21 , 90 ) • Th · I . b . t t . . I I d e equ1 1 r1um cons an s or1g1na y measure were 

in error due to thermal diffusion. The error was corrected and the comparison 

is shown in Figure 24, The correction, although approximate, has moved the 

original values towards closer agreement with the earlier and widely accepted 

(95) 
measurements reported by Gokcen • As would be anticipated the error due 

to the~mal diffusion in the CO-C02 mixtures is sma l fer than that in the H2-H20 

mixtures . 



CHAPTER 8 

DISCUSSION OF ERRORS 

8.1 Sulphur Content of Levitated Drops 

The errors in the laboratory measurements were estimated by means 

of repl leas wh ich were produced under supposedly ident ical conditions. A 

quali t ative exam ination of the rate curves indicated that scatter of the results 

was smal I. Much of the error suppression was due to: 

I ) factors which are inherent with in the levitation technique, 

2) the use of the t wo-colour pyrometer in preference to total radiation 

pyrometry. 

Even t hough the accuracy of the results was deemed to be high on an intuitive 

basis , a true esti ma te of t he ~rrors must be expressed on a quantitative basis. 

During the normal course of experiments certain reproducibility 

checks were carried out. 0 At a drop tempe rature of 1600 C and an H2-H2S gas 

3 flow rate of 2680 em per min. seven sampl es were levitated, each fo r a half 

minute . The subsequent sulphur analysis yielded a mea n sulphur content of 

0.2442% . On t he basis that the e rrors werA normally distributed, the distribu-

tion was characte rised by a standa rd deviation of 0.0050. One unit of standard 

deviation, exp res sed as a percentage of the mean , was 2.05%. 

A second batc h of seven rep I icas wa s made unde r t he same cond i tions 

a s t h3 first batch , at ha lf min ute durations. The t wo batches we re produced 

Il l 
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on separate occasions between which the laboratory apparatus was shut down 

completely and vacated, The second batch had a mean of 0,2443% sulphur and 

a standard deviation of 0.0054 which represented 2,23% of the mean, 

The two batches were exam ined to question whether they were drawn 

from the same population. The two means were compared by a t-test. The two 

variances were compared by an F-test. The difference in the means, and the 
I 

difference in the variances, were not significant. The passage of time, shut 

down and start up (including removal of the coil from the generator) therefore 

did not introduce any new effects. 

A third batch of seven rep I icas was made for a levitation period 

of one minute. The mean of the batch was found to be 0,4652% sulphur and the 

standard deviation was~0.0045 (or 0,97% of the mean value). 

A fourth batch of rep I icas was made at 1600°C and a flow rate of 

3 2680 em per min., each sample being held for 20 minutes in the sulphurising 

gas before quenching. Eighteen samples had a mean of I .786% sulphur, one 

standa r d deviation was 0,026 (or I .44% of the mean ), 

The above rep( icate batches gave a measure of the combined variations 

in temperature, gas flow rate, time and sulphur analysis which may have occurred 

about some mean value, The absolute values of the measured variables were 

conside red to be accurate. The pyrometer was calibrated frequently against 

hi gh quality thermocouples which, in addition, \'/ere checked against the melting 

point of iron. The flow meter was calibrated against a wet test meter, which 

is a constant displacemen t dev ice for which the swept volume is known, 

The el ectric cloc k gave accurate increments of time, The accuracy of the 

su lph ur analyser was demonstrated by performing sulphur analysis on N. B.S. 

stee! standa rds whi ch are the mos t rei iable standard s avai I able commercially. 
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8.2 Error in Coefficients, kg and b 

Tables 2 to 10 represent nine rate experiments performed under . 

identical conditions of temperature and flow rate, with various H2-H2S gas 

~ixtu res. These experiments provide rep I icas of the mass transfer coefficient 

kg and the thermal diffusion constant b. The nine values of kg have an 

arithmetic mean value of 40.51 em. per s. and, if distributed normally, have 

a standard deviation of 1.13. The mean value of b is 23.69 em. per s. with 

I .31 standard deviation. The ultimate product of the variables measured during 

the laboratory procedure is the value of each of the two coefficients. The 

errors which were present in kg and b may thus be used to characterise the 

net errors of the total experiment. 

The method by which kg and b were found gave equal importance to 

each experimental point on the sulphurisation rate curve. In so doing, the 

best pair of values for a rate expressi on was found as a combination, not as 

two mutually independent entities. For any one rate curve the errors in kg 

are incorporated into the value of b. An effective way to i I lustrate the 

sensitivity of b with respect to kg, and with respect to the experimental 

measurements, is given below. 

A rate curve was selected at random. At 1600°C and flow rate of 

3 2680 em per min. Table 3 wa s chosen. The values of kg and b which gave the 

c losest agreement between the experimental data and the rate equation were 

already known. Holdin g kg constant at the best value, b was perturbed and the 

consequent rate equat ion compared with the data. The compar ison was made by 

a least squares criterion. The process was then re peated after perturbing 

the mass transfer coefficient . Values of kg were chosen which were distributed 
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(at say, +two units of standard deviation) about the already known best 

estimate of kg. The comparison which was finally produced is shown in Figure 25. 

Numer ical va lues of bare sensitive to kg, and similar ly the values of kg are 

sensitive to b. Perturbations of either coefficient cause significant shifts 

in the closeness of the fit between the curve provided by the rate equation 
I 

and the experimental points. The curve through the loci of the minimum sum 

of the squares of the differences is not shallow; it has its own minimum which 

i s distinct. 

An attempt was made to separate the errors in kg from the errors 

in b. An alternative way to describe the attempt would be that it provides 

an est imate of the error which may be anticipated in b, if the true value of 

kg we r e alread y available. The mean value was taken of the nine mass transfer 

coeff icients which had been found for the identical conditions of 1600°C and flow 

rate of 2680 cm3 per min. (Tables 2 to 10). In view of the number of experi-

ments performed in order to obtain this mean, it is very reliabl e and may 

be su pposed to be an accurate estimate of the true va lue. This mean was 

presum~d to apply to each of the nine rate experiments from which it had been 

derived. A search was performed to find the value of b which now gave closest 

agreement to each individual set of rate data. The nine new values of b had 

a mean of 23.71 em. per s. with a standard deviati on of I .40. These two 

numbe r s were compared with those applying for the original values of b shown 

previously. The use of an accurate value of kg has not reduced the scatter in 

the estimates of b, in fact, the variance has been marginally increased . 

Remova l of errors in the mass transfer coefficient did not improve the accuracy 

of b. Quite a degree of independence must exist therefore, between the errors 

in the estimates of kg and errors in the estimates of b. 



CHAPTER 9 

SUivlMARY AND CONCLUSIONS 

I. An apparatus has been constructed, Its operation has demonstrated that 

the levitation technique can be used for controlled kinetic studies which 

involve gas-1 iquid metal interaction, In particular, the control I ing ond 

widening of the range of experimental conditions may be achieved by the 

appropriatechoice from a selection of many varied electromagnetic coils. 

2. The overal I rates of mass transfer from mixtures of H2-H2s to a sphere of 

liquid iron were found to be gas phase control led, The mass transfer 

coefficients were mea sured experimentally. 

3 , Measured values of Sherwood nu mbe r and values predic ted by available 

mass transfer correlations were compared, The correlations are recommended 

for calculating the order of magnitude of the mass transfer coeffici ents 

which may apply for any proposed levitation study. 

4, The si gnifica nt contribution of this study was the demonstration and 

isolation of the presence of thermal diffusion . 

5, The the rma l diffusi on fluxes which occur in a cold binary gas mixture 

surround i ng a hot levitated drop were expressed on a quantita t ive bas is, 

The therma l diffusion fluxes were incorpora ted into an explanation of the 
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rates of sulphur transfer into the drop. 

6. The convective forces in th~ gas phase give rise to both mass transfer and 

heat transfer. Heat conduction and mass diffusion are similar. The 

mechanism which created the mass transfer was the self-same mechanism which 

created heat transfer. Advantage was taken of this situation to evaluate 

the temperature gradients at the drop surface and subsequently, to predict 

the thermal diffusion factor~ for the H2-H2S binary gas mixture at elevated 

temperatures. 

7. The levitati on technique's expedience for measurement of thermodynamic 

relationships in certain metallurgical systems has always been wei I known, 

but has been handicapped by gas phase segregation at stea dy state. A 

method by which the degree of thermal separation of the gaseous components 

may be estimated has been developed . Existing data for steady state gas-

I iquid iron compositions, which were in error due to thermal diffusion, 

have been corrected . Equilibrium constants for the Fe-H2-H2S system 

0 were measured at temperatures above 1600 C. There is now scope for 

measuring gas-1 iquid phase equi I ibria by the levii·ation technique where 

prev iously this technique was considered unsuitable. 

a. Rates of evaporation of sulphur from the I iquid iron surface in t o a col d 

inert gas stream were mea sured. They have been presented for record here. 

The rates were higher than had been predicted. The acceleratio~ may have 

been caused by prema ture condensat ion of the sulphur vapour in the thermal 

laye r arou nd the drop, 



. REFERENCES 

I. Muck, 0.: German Patent, 1923, No. 422004. 

2. Okress, E.C., Wroughton, D.M., Comenetz, G., Brace, P.H. and Kelly, J.C.R.: 

J • App. Phys., 1952, 23, 545. 

3. Polonis, D.H. and Parr, J.G.: Trans. A.I.M.E., 1954,200, 1148. 

4. Sunderland, M.: M.Eng. Thesis, McMaster University, October, 1967, 

5. Cooper, C.F., George, C.M. and Hopkins, S.W.J.: Special Ceramics of 

Br itish Ceramic Research Association, 1962, page 49. 

6, Comenetz, G. and Salatka, J. ·W.: J. Electrochem. Soc., 1958, 105, 673. 

7 , Bunshah, R.F. and Juntz, R.S.: University of California, U.C.R.L.-7913, 

1964. 

8. Begley, R.J., Comenetz, G., Flinn, P.A. and Salatka, J.W.: Rev. Sci. 

lnst., 1959, 30, 38. 

9. Shiraishi, S.Y. and Ward, R.G.: Can. Met. Quart., 1964, ~, 117. 

10. EI-Mehairy, A.E. and Ward, R.G.: Trans. A.I.M.E., 1963, 227, 1226. 

I I. Hulsey, W.J.: Resea rch and Deve lopment Report of the U.S.A.E.C., Number 

Y-1413, Issued 26-Apri 1-1963. 

12. Murarka, R., Hamielec, A.E., Fraser, M.E. and Lu, W- K.: Met. Trans. 

A.I. ~~.E., 1971, ~, 817. 

13. Smith, P. N. and Wa rd, R.G.: Can, Met . Quart. , 1966, ~, 77, 

14. Svya zh in, A.G., Vishkarev, A.F. and Yavoys kiy, V.I.: Russian Meta llurgy, 

(t•1eta I I y) , I 968 , ~, 4 7. 

15. Tu rkdogan , E.T., Grieveson, P. and Darken, L.S.: J. Phys. Chem ., 1963, 

67 , 1647. 

I 17 



118 

16. Robertson, D.G.C., Roberts, O.G. and Jenkins, A.E.: Trans. A.I.M.E., 

1969, 245, 2413. 

17. Distin, P.A., Whiteway, S.G. and Masson, C.R.: Can. Met. Quart., 1971, 

~~ 13. 

18. Caryll, D.B. and Ward, R.G.: J.I.S.I., 1967,205,28, 

19, Kershaw, P.: Ph.D. Thesis, McMaster University, September, 1968, 

20, Shiraishi, S.Y.: M.Sc. Thesis, Mcfvlaster University, fvlay, 1966. 

21. Larche, F.C.L.: M.Sc. Thesis, Mc~lJa ster University, August, 1968. 

22. Toop, G.W. and Richardson, F.D.: Proc. Symp. Advances in Extractive 

Metallurgy, lnst. ~~ining and Meta llurgy, April 1967, page . 181. 

23. Dondel inger, J.G., Kay, D.A.R. and Mclea n, A.: Met. Trans. A. I. M.E., 

I 971 , ~! 3203. 

24 . Gomersal I, D.W.: Ph.D. Thesis, McMa ster University, September, 1967. 

25, Baker, L.A., Warner, N.A. and Jenkins, A.E.: Trans. A·.t.M.E., 1964, 

230, 1228 . 

26, Baker, L.A., Warner, N.A. and Jenkins, A.E.: Trans, A.I. M.E., 1967, 

239, 857. 

27. Kaplan, R.s·. and Philbrook, 't/ , 0,: Trans. A.I.M.E., .1969 , 245,2195, 

28. Distin, P,A. and Wh iteway , S.G.: Can, Met , Quart., 1970, ::?_, 419. 

29, Distin, P.A., Hallett , G.D. and Richardson, F.D.: J.I.S.l., 1968 , 

206, 821 • 

30. Distin, P .A.: Ph .D. Thesis, University of London, Apri I, 1967, 

31. Baker, R.: J.I.S,I., 1967,205,637. 

32 . Baker, L.A. and 't/ard , R.G.: J.I.S.I., 1967,· 205,714. 

33 . Vig, S.K. and Lu , W-K.: J.I.S.I., !971, 209, 630. 



119 

34, Gomersall, D.W., Shiraishi, S.Y.and Ward, R.G.: J. Aust. lnst. Metals, 

1_965, ~~ 220. 

35, Ito, K. and Sano, K.: Trans. I.S.I. Japan, 1969, 2_, 465, 

36, Mori , K. and Suzuki, K.: Trans. I.S.I. Japan, 1970, ~, 232. 

3?, Peters, R.J.W., Masson, C.R. and Whiteway , S.G.: Trans. Faraday Soc., 

1965, ~, 1745, 

38, Rony, P.R.: The Electromagnetic Levitation of Metals, University of 

California, Report U,C.R,L.-11411, ~1ay 7th, 1964, 

39, Hulsey, W,J.: M.Sc. Thesis, University of Tennessee, 1963. 

40, Rostron, A.J.: Science J., 1967, ~!No.7, 69, 

41. Harris, B. and Jenkins, A.E.: J, Sci. Instruments, 1959,36,238. 

42, 'Lewis, J.C., Neumayer, H,R,J, and Ward, R.G.: J. Sci. Instrumen ts, 1962, 

39, 569. 

43. Peifer, W.A.: J. of Metals, 1965, _!2_, 487, 

44. Fromm, E. and Jehn, H.: Brit. J. Appl. Phys., 1965, ~~ 653. 

45, Hatch, A.J. and Smith, W.E.: J. Appl. Phys., 1967, 38, 742, 

46, Booth, A.R. and Charles, J.A.: Nature, 1966, 212, 750. 

47, Chapman, S. and Cowling, T.G.: The Mathematical Theory of Non-Uniform 

Gases, Cambridge University Press. 

48, Chapman, S. and Dootson, F.: Phil. Mag., 1917,33,248. 

49, Present, R.D.: Kinetic Theory of Gases, McGraw Hi I I Book Company, 1958. 

50, Clark-Jones , R. and Furry, W.H.: Rev. of Mod. Phys., 1946, ~~No . 2, 

151 • 

51, Gillespie, L.J.: J. Chem. Phys., 1939, 7__, 530, 

52. Frankel, S.P.: Phys. Rev ., 1940,57,661. 



120 

53. Gillespie, L.J.: J. Chern. Phys., 1939, 7_, 438. 

54. DeGroot, S.R.: Thermodynamics of Irreversible Processes, North Holland 

Publishing Co., 1958. 

55. Denbigh, K.G.: The Thermodynamics of the Steady State: Methuen and 

Company, Monographs on Chemical Subjects, 1951 • 

56. Dastur, M.N. and Chipman, J • : Disc. Faraday Soc. , 1948, No. 4, 100, 

57. Darken, L.S. and Gurry, R.W . : J. Amer. Chern. Soc . , 1945, 67, 1398. 

58, Richardson, F.D. and Alcock, C. B.: Nature, 1951, 168, 661. 

59, Alcock, C.B.: Inter. J, Appl. Radiation and Isotopes, 1958, ~~ 135, 

60. Kontopoulos, A.: Ph.D, Thesis, Mct·1aster Universi t y, January, 1971. 

61. Delancey, G.B. and Chiang, S.H.: A.I.Ch.E.J., 1968, ~~ 664. 

62. Grew, K.E. and lbbs, T.L.: Thermal Diffusion in Gases, Cambridge Univer

sity Press, 1952. 

63, Glasstone, S.: Source book on Atomic Energy, Van Nostrand, 3rd Ed ition, 

1967. 

64, Robertson, D.G.C. and Jen kins, A.E.: Proc. International Conference 

i n Metallurgy and Materials Science , University of Pennsylvania, 

September, 1969. Pub I i shed by Ple num Press, 1970 . 

65. Sano, N. and Matsus hita , y.: Trans. I • S. I • Japan , 1971, _1_1, 232. 

66. Ranz, W.E. and lv1a rs ha I I, W .R.: Chern , En g . Prog., 1952, 48, 141 • 

67. Ran z , \'1. E. and Ma rs ha I I, ~1 . R.: Chern . Eng. Prog., 1952, 48, 173, 

68, Steinbe rge r, R. L. and Tre'.t ba I, R. E.: A.I. Ch.E.J. , 1960, ~~ 227. 

69, Na ras imha n, C.: Ph.D. Thesis, McGi II University, Apri I, 1966, 

70. Chi pma n, J. an d TaLi: Trans . A. S. tJ. ., 1937, 25, 435 . 

7!. Skelly , H. and ~/h i te , J .: J. I . S.I., 1947 , 155, 20 1. 



121 

72, - Morris, J.P. and .Williams, A.J.: Trans. A.S.M., 1949, ~~ 1425. 

· 73, Sherman, C.'d., Elvander, H.l. and Chipman, J.: Trans. A.I.M.E., 1950, 

188, 334. 

74, Cordier, J.A. and Chipman, J,: . Trans. A.I.M.E., 1955, 202, 905. 

75, Adachi, A. and Morita, Z.: Tech. Rept. Osaka University, Japan, 1958, 

~, 385. 

76. Yoshii, C. and Sasaki, K.: Japan Soc. Sci. Promotion, 19th Tech. Com. 

Rept., 8131-206 ( Ma y, 1966). 

77. Fuwa, T., Ban-ya, S. and Yoshida, K.: Japan. Soc. Sci. Promotion, 19th 

Tech. Com. Rept ., 8130-205 (Ma y, 1966 ). 

78. Chipman, J. and Ban-ya, S.: Trans. A.I.M.E., 1968 , 2~, 940, 

79. Glen, C.G. and Richardson, F.D.: Proc. Intern. Conference in Metallurgy 

and Materials Science, University of Pennsylvania , September, 1969 , 

Plenum Press, 1970. 

80. Turkdogan, E. T.: Trans. A.I. M.E. , 1964, 23~, 740. 

81. Szekely, J. and Hi lis, A.W.D.: Int. J, Heat Mass Transfer, 1969, .!3_, II. 

82. Szekely, J, and Hills, A. W.D.: Chern, Eng. Sci., 1964, ~, 79, 

83. Kitchener, J.A., Liberman, A., and Spratt, D.A.: Analyst., 1951, 76, 509. 

84. Dunlcz, B.L. and Rosenquist , T.: Anal, Chem., 1952, 24, 404. 

85, Palmer, A.R.: Ph.D. Thesis, Imperial Col lege of University of London, 

January , 1971, 

86. Furry, W.H., Jones , R.C. and Onsage r, L.: Phys. Rev., 1939, ~, 1083, 

87. Hooke, R. and Jeeves, T.A.: J. Assn. for Comp. ~~ach ., 1961, ~, 212. 

88. Pa_ng, K-H .: Ph.D, Thesis, ~~cr,laste r University, Ma rch, 1970. 

89, Ell io-1-t , J.F. and Gleiser, M.: Thermo~hem istry for Stee lma k ing, Volu me II, 

Addison-Wesley Publishing Co., 1963, 



122 

90. Larche, F.C.L. and Mclean, A.: to be published in J.l .S.I. 

91. Averin, V.V., Polyakov, A.Y. and Samarin, A.M.: lzv. Akad. Nauk. S.S.S.R., 

Otd. Tekhu Nauk., 1955, ~, 90. 

92. Gokcen, N.A., Belton, G.R. and Tankins, E.S.: Trans. A.I.M.E., 1964, 

203, 820. 

93. Floridis, T.P. and Chipman, J.: Trans. A.I.M.E., 1958, 212, 549. 

94. Kontopoulos, A., Kay, D.A.R. and ~~clean, A.: to be published in 

Met. Trans. A. I .M.E. 

95. Gokcen, N.A.: Trans. A.I.M.E., 1956, 206, 1558. 

96. Crank, J.: The Mathematics of Diffusion, Oxford University Press, 1956. 

97. Belton, G.R. and McCarron, R.L.: Trans. A.I.M.E., 1969,245, 1161. 

98. Bi rd, R.B., Stewart, \•i.E. and Lightfoot, E.N.: Transport Phenomena , 

John Wiley and Sons, 1966. 

99. Reid, R.C. and Sherwood , T.K.: The Properties of Gases and Liquids, 

McGraw-Hi I I, 1958. 

100. Kirshenbaum, A.D. and Cahill, J.A.: Trans. A.I.~1.E., 1962,224,816. 

10 1. Hirschfelder, J.O., Curtiss, C.F. and Bird, R.B.: Molecu lar Theory of 

Gases and Liquids, John Wiley and Sons, 1954. 

102. Vlasov, S. M., Devyatykh, G.G. and Tsinovoi, Y.N.: Zhur. Fiz. Khim., 

1968, 42, 2745. 



APPENDIX I 

DIFFUSION OF SULPHUR WITHIN A STAGNANT DROP OF LIQUID IRON 

The rates of sulphur transfer may be calculated theoretically for 

certai n I imiting cases. Such extreme situations, while not realistic, are 

Informative. One I imiting case is that of I iquid phase control of the 

overal I rate in the absence of any internal motion within the I iquid. Suppose 

that the gas phase resistance were negligible, that the rate constants for the 

chemical reaction were large, and interfacial equi I ibrium existed at at I 

t imes. 

The transfer of material from the drop surface into the I iquid by 

rad ial diffusion is given by an equation of continuity of the form: 

where S represents some measure of the concentration of sulphur in the iron, 

t is time, 

DFe-S is the molecular diffusion coeffi cient for sulph ur in iron, 

r is the radial coordinate dra wn from the sphere's centre at which 

r = zero. 

The boundary conditions are known wh ich permit an analytical solution 

to th is one-dimensional problem. Ful I detai Is of the method of solution 
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(96) 
are g iven in Chapter 6 of Crank , which presents a solution in a general, 

non-dimensional form. The total mass of sulphur (or concentration) which has 

diffused into the drop at t = m (i.e., steady state) is defined as Mm. The 

mass of sulphur (or concentration) which is present in the sphere at any 

instant in time is defined as Mt. The solution for the case of a sphere 

initially free of sulphur is shown in Figure 26. 

The diffusion coefficient for the iron-sulphur binary at 1600°C 

-4 2 (97) 
is given as I .7 x 10 em per s. by Belton and McCarron • The radius 

of the sphere, (a), is taken as 0.34 em. After only six minutes the quantity 

of sulphur inside the drop is 99% of the total that is given by the steady 

state equi I ibrium with the infinite concentration sink surrounding the drop 

surface. 

The case for I iquid phase control for a non-stagnant drop may be 

similarly solved . The solution may be identical, with the exception that the 

diffusion coeffi cient is enlarged. It is quite I ikely that the irregular 

internal I iquid motion within a levitated drop creates an apparent enhancement 

of DFe-S of some orders of magnitude. This would have the effect of greatly 

expanding the upper (real time) scale of Figure 26, while the curve remained 

fixed. The attainment of steady state would be considerably more rapid than 

in a drop free from imposed convective forces. 



"APPENDIX 2 

ANALYSIS OF TRANSFER MECHANISMS 

The overal I process of transport from the bul k of the gas mixture to 

the bulk of the I iquid iron is divided into steps. A mechanism for each step 

is presumed. The rate of each step is expressed mathematically. These mechani sms 

and expressions are described in Chapter 5. The same nomenclature is used in 

this Appendix. 

The flux of H
2
s from the bulk gas to the gas-1 iquid interface is by 

molecular diffusion, forced and natural convection. 

wt d(%S> = Flux C k ( H S H S ) = • g. X 2 oo - X 2 i (5.2) 
A • 3200 dt 

If thermal diffusion makes a contribution to transport in this step, 

the above equation is written as: 

(5.24) 

The object of this appendix i s to i I lustrate the approach to a 

t ypical metal lur·gical mass transfer process. The scheme of the analysis and 

t he final results are not affected by the inclusion or the exclusion of the 

t hermal diffusion term. For clarity, it may be excluded he re . 

125 



126 

The gaseous H2S molecules adsorb onto active sites at the interface. 

(5.3) 

The chemical reaction takes place among adsorbed species. 

I 
I 

_(5.5) 

Sulphur is desorbed from the interface into the I iquid phase. 

Flux = k
5 

• es - k
6 

• a
5 1 

• eE (5.6) 

Transfer of sulphur from the interface into the bulk I iquid is by 

di ffusion and convection. 

F I ux = kl (a . 
51 

a ) 
s"" 

The stoichiomet ry of the reaction which relates the fluxes of 

H2S and S, also relates the flux of H2 from the reaction sites. 

(5.7) 

(5.8) 

For the overa l I process with no accumulation of material, the rate 

of each step is the same . Typical of most transfer processes , the 

intermediate parameters defy measurement in the laboratory. The val ues of B1s 

are un known although their sum is unity. Only the bulk composit ions may be 
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measured, The elimination of 81 s is necessary. This may be achieved for 

certain limiting cases, so that the only unknowns remaining are the rate 

coefficients. Chosen examples are shown below. 

Gas Phase Control 

Initially there is no sulphur in the I iquid and a5 i = 0, Equilibrium 

exists at the interface and xH2si = 0, Equation (5,2) becomes: 

Flux lt•O • C.kg.xH2s • . 

Adsorption Control 

The adsorption step provides a very high resistance to transfer 

compared to the othe r steps. In equation (5.3) k1 and k2 are relatively 

smal I numbers. In contrast, the mechanisms of the othe r steps take place 

very readily. The forward flux and reverse flux in the other steps are both 

extreme ly large. For pr~ctical purposes , eq ua tions (5.5), (5,6) and (5,8) 

are approxi mated: 



128 

Simultaneous solution fo r each e-term is performed, followed by 

substi t ution in equation (5,3), which becomes: 

· k! .k3 .k5 ,k7 .xH2Si - k2 , k4 .k6,k8 ,aSi .xH2 i 
Flux = --------------------------------------------------

k3.k6,k7.aSi+k3,k5.k8,xH2i+k4.k6.k8,xH2i'aSi+k3,k5.k7 

For adsorption control, the interfacial compositions may be replaced 

by the bulk compositions of gas and I iquid, The special case of zero time 

for a I iquid initially free of sulp hur reduces the above equation, 

Flux I 
I t=O 

Chemical Reaction Control 

= 
k 1.k7 ,xH2Sco 

k8, XH2co+k7 
(5.11) 

If the ove ral I ra t e of tra ns fe r is control led by the rate of the 

c hem ical reaction, a similar argument to that for the adso r ption step above may 

be appli ed, Equation (5,5) must be eva luated, This is achieved by: 

kl . xH2Si . e E ::0 k2 eH2S 

k5 . es ::0 k6 as i . SE 

k7 . eH2 
::0 k8 . xH2 i . 6E 
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Eliminate thee's and substitute into equation (5.5), 

_, - .. ·.· 

/ This equation reduces to equation (5,12) at zero time, 

The process may be repeated for cases of I iqu i d phase desorption 

control and of convective transfer control into the bu l k I iquid. In this way, 

the r ate of the process may be expressed in terms of parameters which can be 

control led and measured in the laboratory. By comparison with the experimental 

evidence, a particular rate control I ing step can be identified, In some 

cases ' the form of the solution may be such that the rate coefficients can 

be numerically evaluated , 

Joint Control 

The experimental data may indicate that control is not by a single 

step in the overal I process, More than one mechanism may be jointly control I ing 

the r·ate, The situation is now more complex. A solution is sti I I possible 

for certain cases and is shown here for joint control by gas phase transport 

and adsorption, 



Flux = 
C.kg.k 1.aE,xH2Soo- C.kg.k2"6H2S 

c. kg + k1• eE 
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In order to evaluate the 61 s the same reasoning as before is applied. 

I k3'eH2S.6E :: k4 ,es.eH2 I 

k5 .es = k6 .a5 i.6E 

k7'eH2 
:: k8 .eE.xH2 i 

asi = a Soo 

Evaluate the 61 s and substitute in the equation for the flux, 

C.kg,k 1 ,k3 ,k5 .k7 ,xH2S00 - C,kg.k2 .k4 .k6 ,k8 ,a 500 ,xH2oo 
IX = --~--------------------------------------------------------------------------

C, kg,k3,k5,k7+kJ .k3 .k5 .k7+C,kg,k3 ,k5 .k8 .xH200+C,kg.k4 .k6 .k8 .a 500 ,xH200+C,kg.k3 .k6 .k7 .a5, 

This a bove equation for joint control reduces to the two solutions 

obtained earlier, when the conditions for the I imiting cases of gas phase 

control alone and of adsorption control alone are applied to it. 



APPENDIX 3 

GAS PHASE OR LIQUID PHASE CONTROL: INTERFACIAL EQUILIBRIUM 

The five steps of the transfer process were outlined in the preceding 

appendix. By definition, if the process is gas phase control led or is 

liquid phase control led (or jointly by both) then equi I ibrium exists at the 

inter face at alI times. The analysis of the preceding appendix readily leads 

to th i s condition in algebraic terms. 

If the resistance is high in the gas or I iquid phase, the same 

argume nt applied in Appendix 2 may be employed in the i ~termediate steps. 

As be fore equations (5.3), (5.5), (5.6) and (5.8) may be approximated to: 

The four identities above are manipulated to eliminate 8 1 s, and are 

rearranged to give: 
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·· APPENDIX 4 

VARIATION OF ADSORPTION RATE CONSTANT WITH TEMPERATURE 

The rate constants for chem isorption or chemical reactions may be 

expressed by the wel l known Arrhenius equation: 

k' = A' • exp < - ~) 
RT 

The rate constant k', is independent of external conditions such 

as gas flow ra t e in our case , but is dependent upon temperat ure as shown. 

The frequency factor A', is independent of temperature. The universal gas 

constant is I .988 cal. per mole °K. The activation energy Ea, is not known, 

but for purposes of a proport ional compa rison an orde r of ma gnitude is quite 

sufficient. As an example, suppose that Ea = 25,000 cal. per mole. At a 

t emperature of 1500°C, T = 1773°K. 

k' 

A' 
-

-_2_5.:.., _oo_o_ exp 
I. 988x l773 

= exp- 7.092 

k' In ( = -7.092 
A' 

0 At a temperature of 1750 C, 

1500 

133 



k' -25,000 = exp -6.216 exp 
A' I. 988x2023 

In ( ~) = -6.216 
A' 1750 

Effec t of this temperature change on the rate constant: 

The ratio 

In ( ~) 
A' 1750 

- In { k' 
A' 

= -6.216 + 7.092 

1500 

k' I 750 
In { = + 0.876 

k' 1500 

k' 1750 

k' 1500 
= 2.4 
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APPENDIX 5 

PHYSICAL PROPERTIES 

Diffus ion Coefficient 

The kinetic theory of gases has led to the development of various 

methods for calculation of many physical properties of gases, For low density 

gases , the equations for prediction of properties are very rei iable. They 

were used here for estimating some of the gaseous properties at various ele-

vated temperatures. The diffusion coefficient was predicted from page 51 I 

of reference 98 (also Chap ter 8 of reference 99) which gives for binary gas 

mixtures at one atmosphere of pressure, that: 

0,001858 , T312 I I 1/2 
(MH2 + MH2S ) 

0H2-H2S = 
2 

0 H2-H2S ' nO.H2-H2S 

\'there MH2 = 2 and MH2S = 34 and t he Lennard-Jones paramet e rs of a and n
0 

are 

avail a bl e , 

Typical va lues ca lculated we re: 

0H2-H2S at 300° K 0,684 2 = em per 5, 

0H2- H2S at 11 00° K 6 ,29 2 = em per s. 

0H2-H2S at 1900° K =15,5 2 em pe r s. 
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The wide variation of this physical property with temperature is 

worthy of note. The effects of .the non-isothermal conditions around the levitatec 

drop are by no means insignificant. 

Viscosity 

A similar type of relationship is given by references 98 and 99 for 

estimating the viscosity of monatomic and diatomic gases, For the range 

H2-H2s ratios used in the experiments, the viscosity was essentially that of 

pure hydrogen. 

ll = 2.669 X I0-5 • (M.T> 112 

2 
a • n 

1.1 

0 -5 At I 100 K, 1.1 = 20.9 x 10 gram. per em. s. 

Thermal Conductivity 

The thermal cond uct ivi t y is shown in reference 98, page 255 and 

reference 99, Chapter 7 to be: 

k = 1.989 X 10-4 • (T/M> 112 

a2 • nk 



As before, the coli ision diameter, cr, and the col I ision integral, 

nk, are wei I tabulated. The above equation applies only for monatomic gases 

at low pressure and must be corrected for polyatomic gases such as hydrogen. 

The Eucken correction factor for hydrogen was ! .255. 

At I I00°K, thermal cond~ctivity is 

-4 9.74 X 10 cal. em. 
2 0 em • s . K 

At 1900°K, thermal conductivi t y is 

-4 
13.9 X 10 ca l . em. 

L o ,. 
ern • 5 • K 
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The density of hydrogen i s widely recorded over ranges of temperature 

and pressure. The records show it ve ry closely approaches ideal beha v iour. 

The va l ues of dens l t y used fo r ca lculat ions here were those provided by t he 

supp l iers of t he hydrogen gas. Tha values s howed ve r y c lose agreement wi th 

the va rio~ s othe r values quoted in t he sc ientif ic i it erature . When cal cu lat ing 

ceda i r. pcrame t ers, e.g., ga s ve I oc i t y past the I ev i ta t ed drop, at i ntermsd i ai"E: 

tempera t ures, ideality was as sumed, 

At I I00°K t he dens ity i s 

-~ 3 2 .23 x 10 - gram. pe r :::m. 
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Density of Liquid Iron 

Values for the density of liquid iron were taken from the measurements 

of Kirshenbaum and Cahi II (IOO) who used the immersed-sinker method for density 

measurements over a wide temperature range starting at the melting point. 

Their findings were axpressed by: 

-4 pd = 8.523 - (8.358 X 10 ) • T 

. which gives the density in gram. per cm3 for the temperature in °K. 



APPENDIX 6 

MOLECULAR DIFFUSION TO AND FROM A SPHERE 

SHERWOOD NUMBER = 2 

In general, the equations of continuity and of energy have not been 

solved simultaneously for heat and mass transfer to three-dimensional bodies, 

However, analytical solutions for certain I imiting cases are available, One 

such case is the steady state transfer of materia l by molecular diffusion 

(c ,f. , evaporation of a pure I iquid) from a sphere, Similar heat transfer 

from a solid sphere by conduction alone is fully understood, Both solutions 

are valid only when the physical properties of the surrounding medium remain 

constant. The two methods of solution are combined here and allowance, 

although approximate, is made for the dependence of the t wo salient physical 

properties upon temperature, 

Molecular Diffusion . Constant Diffusion Coefficient 

The s teady sta te flux of material in the radial direction from the 

sphe re's surface is: 

Mass Flux = - D . dC 
dr 
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where D is the diffusion coeffic ient, 

C is the concentration of the diffusing species in the surrounding medium, 

r is the radial coordinate for which r=O at the sphere's centre and r=a 

at the sphere's surface. 

AI I symbols used in this appendix are specific to this appendix 

alone. 

In the absence of material accumulation or generation, the total 

rad i a I mass f I ow, Z I , is: 

Integrate 

Far away 

2 dC Zl = - 4nr • D • 

with constant 

~r=:, . 
4nr2 

r=a 

Zl ( -. 
4n 

from the drop, 

Zl 

4n 

dr 

D: 

r=C 
dr - D • 

dC = 
dr 

C=C. 
I 

I I 
D (C - C.) ---) = - . 

r a I 

r = co c = c Ther·efore 
' co• 

- D • (C c.) 
I co 

a 



Eliminate the unknown, Zl: 

c - c. 
a I - - = 
r c - c. 

CD I 

This equation may be expressed in d imensionless terms where~ 

c - c. 
C* = ---~ and 

c - c. 
CD I 

Therefore, 

I - _!_ = C* 
r* 

r r* = 
a 

At the surface of the sphere where r* = 1, we have: 

Therefore 

dC* 
Sh = 2 • 

dr* 

Sh = 2 
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A similar approach for heat conduction may be followed to show that 

Nu = 2. This approach is followed below without the condition of constant 

therma l conductivity. It is not carried to completion , but merely to the point 

of providing the temperature distribution around the drop. 
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Heat Conduction • Changing Thermal Conductivity 

Steady state heat flux radially from the sphere is: 

Heat Flux = - k • 
dT 

dr 

The total heat flow, Z2, is: 

2 dT 
Z2 = - 4nr • k • 

dr 

The thermal conductivity k, changes with temperature. The absolute 

values of k are not required, merely the functional dependence upon temperature. 

The de pendence may be approximate to a square root (see Appendix 5) for 

purposes of this illustration. 

k = Z3 • T112 

where Z3 is some constant of proportionality. 

Integr ate: 

r=~2 • dr - Z3 • r:l/2 • dT = 
4nr2 

r=a T=T. 
I 

Z2 
( I I 

- Z3 • 
2 (T3/2 T.3/2 - . ---) = 

4n r a 3 I 
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Far away from the drop, r = oo T = T . , 00 Therefore: 

Z2 - Z3 • 
2 (T3/2 T~/2) --

4n 
00 I 

a 3 

El iminate the unknowns, Z2 and Z3: 

T3/2 T~/2 
a I ---
r T3/2 - T .3/2 .., I 

The temperature distribution around the sphere is now known. This 

profile is assumed to be fixed and wil I apply regardless of any other 

transport process that may occur. In other words, any interaction is ignored. 

~blecular Diffusion • Changing Diffusion Coefficient 

Molecular diffusion is now superimposed. Now however, allowance is 

made for the dependence of the diffusion coefficient upon temperature, on the 

basis of the already known tempe rature profile. Again, the absolute values of 

Dare not necessary . The dependence of the diffusion coefficient upon 

temperature (see Appendix 5) may be approximated by: 

D = Z4 • T312 

where Z4 is another constant of proportionality. 

Again the molecular diffusion in the radial direction gives rise to 

a mass f I ux of: 



M3ss Flux = - D 
'dC 

dr 

Total Mass flow, Z5 = - 4Tir2 • Z4 • r 312 
• dC 

dr 

Integ rate: 

~
r=r Z5 

. 4nr2 

r=a 

---. dr--
Z4.r3/2 ~

C=C 

dC 

C=C. 
I 

where, T = f(r) is the previously found temperature distribution. 

Z5 -1 
4n • Z 4 • ( -a-T3::::-J;-;:2:---a-T_3_/_2 ) • 1 n 

I "" 

(C - C.) 
I 

Far away from t he drop, r = "", C = c . 
"" 

Z5 ( -I ) In . . 
4TI.Z4 aT~12 aT3/2 

I "" 

Elimi nate t he unknm-ms, Z4 and Z5: 

(C 
"" 

c.) 
I 
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In • ( 
r T~/2 . . I . 

------------- = 

In • ( 

c - c. 
As be fore C* = 

I 

c - c. 
"" I 

There fore: 

dC* 

T3/2 ... 
-) 
i-?/2 

I 

r and r* = 
a 

---------
dr* T3/2 

In 
... 

< T?/2 > a 
I 
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c - c. 
I 

c c. ... I 

rT3/2 ... 
a 

Taking our situation, in which T = 296°K and T. = 1873°K, the equation above 
"" I 

may be evaluated at the drop surface where r = a. 

There fore Sh = 0,68 

dC* 

dr* 
= 0,339 

r*=l 

For the severe non-isotherma l conditions around the drop and t he ir 

consequent effect upon the physical prope rties, the Sh may be far removed 

f rorn t he i sotherma I va I ue of 2 for pure mo I ecu I a·r diffusion. 



·· APPENDIX 7 

THERMAL DIFFUSION FACTOR, a 

A method for calculation of the thermal diffusion coefficient or 

• <I 0 I ) factor of binary gas mixtures is given by H1rschfelder et al • The 

equation stems from the kinetic theory treatment and it is used here. The 

calculation is lengthy 
. (I 0 I ) but is explained very clearly 1n Chapter 8 

The original derivation includes a slight dependence upon 

composition of the gas. 

a = 
( S ( I ) • xH

2 
- S ( 2 ) • xH

2
s) 

X;\+ YA 

6C~2-iE--!2S - 5 

6AH2-H2S 

The terms X, Y, ;\, and C* are defined and evaluated according to Hirschfelder. 

(I) (2) • 
For most gas pairs, the terms S and S are oppos ite in sign and of the 

same order of magnitude. This is true for H
2

-H
2

S mixtures , and so the term 

in brackets shows negligible variation and gives values ·of a which are 

constant over the range of concentrations used in this study. 

Evaluation of a for H
2 

- H
2

S at 1500, 1600 and 1750°C showed that the 

effect of tempe rature changes over this narrow range was neg ligible. One 

value is suffici ent for the whole range . 

a= 0.71 
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An estimate of the rei iability of this method of calculation was obtained 

by comparison with a known rare value. Vlasov et ai(IOZ) measured the 

therma l diffusion factor for a mean mixture of 90% H2 and 10% H2S in a two 

bulb experiment at atmosphere pressure. The temperatures of the hot and 

cold bulbs were respectively 293°K and 195°K, Their measurements gave a= 

0,33. Calculation by the method of reference 101 for the same mixture at a 
I 

0 mean temperature of 244 K gave a = 0.35. 



TABI.E 1 

OXYGEN RE1'.0VAL FROH LEVITATED DROPS 

Specimens of Armco iron were held at approximately 1600 °C with a gas 
flowrate of approximately 2 litres per minute. 

OXYGEN CONTENT 
p.p.m. 

Speci:ten not levitated. 665 

Melt in helium, immediately quench. 549 

Melt in helium, i111.mediately quench in H2. 7 

!-felt in helium, hold in H2 for 1 min. 9 

Melt in helium, hold in H2 for z-min·. 6: 

Melt in helium, hold in H2 for 3 min. 1 . 
Melt in helium, hold :!.n H2 for 4 min. 1 

Melt in helium, hold in H2 for 5 min. 2 

Melt in helium, hold in H2 for 7.5 min. 0 . 
Melt in helium, hold in H2 for 10 min. 0 

-

N. B. The lowest six values of oxygen content are as-read from the oxygen 
analyser. They are inside the error band about the zero-setting of the 
a nalysing instrument. 
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TABlE 2 

SULP HURI SAT ION IN H2-H2S 

SPECI MEN TE MPE RATURE = 1600 CENTIGRADE 
* VOLU ME TRIC FL OWRATE = 2680 tJ,L, PER MI NUTE 

** GAS COl1?0SITION = ,00186 

AT MOS PHER IC P RESSURE = 758. 1 M, M, MERCURY 

HEIG HT -OF SPC: CI MEN = .9 7 22 GRAMS 

TI ME SUL FHUR 

t1INUT ES ~H . P t: RC EN T 

0. 0 o. 0 0 0 

• 5 • 108 

• 5 • 106 

1. 0 • 183 

1. 5 • 2 4E: 

2. 0 .285 

2.5 • 3 38 

I :~. 0 • 3 hY 

3.5 • 4 04 

4. 0 • 4 28 

5. 0 • 459 

7. 0 • .514 

10. 0 . 5 50 

15. 0 .563 

2 0. 0 • 569 

25. 0 • 563 

3 0. 0 • 558 

3 5. 0 • 563 

4 0. 0 .561 

45. 0 • 541 

50.0 ,559 

I 

MASS TRANSFER COEFFICIE NT= 38,85 CM,PER SECOND 

VA LUE OF THE CO NSTANT 8 = 24, 0 1 CM,PER SECOND 

Hherever volumetric flowrates are quoted they are the as-mea sured 
'ta l ues at room temperature and -pressure. 

*·.~r \J herever gas compositions are quoted they are as the ratio PHz~ 
PH2 



TllBLE 3 

SULPHURISATION IN H2 -~2S 

SPEC I MEN TE MPE RATURE = 1600 CENTIGRADE 

V 0 L UM E TR I C FL 0 W R A T E = 2 6 8 0 M L • F E R I" I N U T E 

G A S C 0 t1P 0 S I TI 0 N = • 0 0 2 5 0 

ATMOSPHERIC PRESSURE: 758,2 M , M .~E K CURY 

WEIGHT _OF SPECIMEN = .9 69 7 GRAMS 

Ti t-1 E: SLLPHUR 

MINU TES WT ,PERC EN T 

0. 0 o. ooo 
• 5 .138 

1. 0 • 2 01 

1. ~ • 3 46 

2. 0 • 39 2 

2.5 • 4 61 

3. 0 • 5 29 

I 4. G .::;s:; 

5. 0 • E 34 

7. 0 .710 

10. 0 • 7 3 2 

15. 0 • 768 

2 0 . 0 .766 

25. 0 • 761 

3 0. 0 .771 

35.0 • 7 77 

4 0. 0 .766 

45. 0 • 777 

50. 0 .770 

I 

MASS TRANSFER COEFFICIENT = 39,59 CM, PER SECCNO 

VA LUE OF THE CONSTANT 8 = 23,63 CM~PER SECOND 



T /lB L E 4 

SULP~URI SATION IN H2-H2S 

SFI:CH1EN TE f ·lP E~ATURE = 1600 CE NTIGRAD E 

V 0 l UM t T t{ I C F L 0 W R A H . = 2 6 8 0 h l , P E R M IN U T E 

GAS COt·lPO SITION = , 0 036 1 

A T I :OS P 1-'t R I C P R E S SUR t = 7 6 2. 9 M • 11 , ME C U R Y 

WE I GH T OF SPECHiEN = , 9663 GRAM S 

T I 11 E SULPHU R 

MINUTES WT , PERCEN T 

0 . 0 0 . 0 0 0 

• 5 • 243 

1.0 • 3 88 

1.5 . soo 
2 . 0 , E 06 

2 . 5 • 6 58 

3 . 0 , 73 5 . 
4 . G • 8 4 i} 

• 
5 . 0 • g 1 0 

6 . 0 . 9 51 

7 . 0 1 . 0 1 

8 . 0 1 , 0 6 

1;) . 0 1 . 0 9 

12 . 0 1 . 1 0 

14 . 0 1 . 10 

16 . 0 1 . 12 

18 . 0 1. 13 

2 0 . 0 1. 1 2 

2 u. 0 1 . 12 

2 s . 0 1. 13 

3 0 . 0 1 . 11 

3 5. 0 1 . 11 

4 0 . 0 1 . 14 

4 5 . 0 1. 1 0 

• 

11ASS T RANSFER. CO EF FICIE NT= 40 , 34 CM , PER SEC OND 

VA LUE OF THE CONSTAN T 8 = 2 5 , 92 CM, PER SEC ON D 



TABLE 5 

SULPrURISATlON IN H2 - H2S 

SPECIMEN TEMPERA TURE = 1 60u CEN TIGRADE 

VOL UME TRIC FLOWRATE = 2 G8 0 ~ I L . PER MI NU TE 

GA S COLPOSITIOI'J = , 00399 

A H i OS P f-1E R I C P R E S SUR E = 7 6 0 • L M • M • ME R C U R Y 

WE I G H T 0 F S PE C H 1 EN = • 9 3 3 9 GRAM S 

TI~E SULPHUR 

tHNUT ES \H . PERCEN T 

0 . 0 u I 0 0 0 

• 3 • 0 88 

I 3 . 2 23 

I 5 . 2 1 5 

2 . 0 .- 655 

3 . 0 • 8 4 7 

4. 0 • 9 7 2 

6. 0 1:13 

8 . 0 1. 2 3 

1 0 . 0 1 . 2 4 

12 . 5 1 . 2 5 

15 . ;) 1 . 2 4 

. 15 . 0 112 7 

1 7. 5 1.26 

2 0 . 0 1. 2 6 

2 0 . 0 1127 

3 0 . 0 1. 28 

3 0 I 0 1.2 6 

4 0 . 0 1 12 6 

4 0 . 0 11 2 7 

I 

MASS TRANSFER COEFFICIE NT = 40 . 44 CM 1FER SECCNO 

VA LUE OF TH E CONS TAN T 0 = 24.09 CM . PER SECOND 



TA BLE 6 

SULPrURISAT ION IN H2-H2S 

SPE.CH 1EN TH1P ERA TURE = 1600 CENTIGRADE . 

VOLUME TR. I C FLO W RA T[ = 2 b 8 0 ~1 L. PER H II\ UTE 

GAs co~: => os i TI oN = • o o429 

AT MOS P HER I C PRESSURE= 760 . 0 ~ . M . M E R CURY 

WEI GH T OF SPE CI I1EN = . 968 7 GR AMS 

TIM E SULPhUR 

t1IN U T E S WT .P C:R CEN T 

0. 0 0. 0 0 0 

1.5 • 0 06 

2. 5 .936 

3.3 • 945 

5 . 0 1.17 

7. 0 1.20 

8 . 0 1. 3 7 

.. " " ' ..., n 

.L u. u .!tC.U 

12. 0 1. 34 

15. 0 1.35 

17.0 1. 3 6 

1 8 . 0 1. 3 9 

2 0. 0 1. 4 0 

2 0. 0 1. 37 

2 0 . 0 1.40 

25. 0 1. 42 

3 0. 0 1. 3 9 

3 5. 0 1.38 

4 0. 0 1. 3 g 

MASS T RANSFER CO EFFICIE NT= 42 .52 C~.PER SECOND 

VALUE OF THE CONSTANT 8 = 2 5 .27 CM.P ER SECOND 



T AO L E 7 

SULPrURISATI ON HI H2-H2S 

SPECIMEN TE MPERATURE = 1600 CENTIGRADE 

VOL UMt: TRIC FLOW RATE = 2680 ~IL. PER MIN lJTE 
.. 

G A S C 0 ~ IP 0 S I TI 0 N = • 0 0 S 3 2 

ATMOSPHE RIC PRESSURE = 757 .1 ~ . M . f'i• ERCUR Y 

WEIGH T OF SPC:CI ME N = .9489 GRAM S 

TIME S L.L PHUR 

MINU TES WT . PERCEN T 

0 . 0 0. 0 0 0 

• 5 • 2 7 8 

1. 0 • 55 5 

1. s .7E:E: 

2. 0 • 8 79 

3. 0 1.14 

4. 0 1.29 

5. G 
I i.42 

6. 0 1. = 2 

8 . 0 1. E 5 

10. 0 1.65 

12. 0 1.76 

15. 0 1. 7 5 

1 8 . 0 1. 7 4 

2 0. 0 1.77 

2 0. 0 1. 7 7 

25. 0 1. 7 3 

3 0. 0 1.78 

35. 0 1. 7 7 

4 0. 0 1. 7 8 

-

MASS TRAN SFER COEFFICIENT= 41 .25 CM.PER SECOND 

VALUE OF TH E CONSTANT 8 = 23.74 CM.PER SEC ON D 



Tll BLE 8 

SULF ~ LRISATIO~ IN H2-H2S 

SPCCI MEN TE MPERATURE = 1600 CENTIGRADE 

VOLUME TR. IC FLOWRATE = ?680 I'l l. PER tJINU TE 

GAS C 0 H;:> 0 S I TI 0 N = • 0 0 57 2 

ATMOSPHERIC P RESSURE = 75 8, 5 ~.M.~E~CU~Y 

vJEIGH T OF SPECit1EN = . 9 7 8c GR/lM S 

TI ME SL.;LFHuR 

tHNU TES W T.PERC~N T 

0. 0 0. 0 0 0 

• 5 • 3 05 

1 . 0 t:t:~ 
• ..1 .; t:. 

1 . ~ • 7 31 

2. 0 c <, . ~ ""' ..... 

2 . 5 1. 0 5 

3 . 0 1 . 22 

3 . 3 i . :: ~ 
~ . 0 1. 4 6 

5 . 0 1.E1 

7 . 0 1.7E 

10 . 0 1 . 85 

15 . 0 1 . S1 

2 0 . 0 1 . 94 

2 5 . 0 1 . s 4 

3 0 . 0 1 . e 1 

35 . 0 1 . 95 

4 0 . 0 1 . S4 

4 5 . 0 1 . S4 

50 . 0 1.<:5 

I 

MASS TRAN SF ER COEFF I CIE NT = 41~41 CM. FER SECCNO 

V A L UE OF THE C 0 N S T A tx 1 B = 2 2 • 7 5 C M • FE R S E C C N 0 



SU LPHURISATION IN H2-H2S 

SPECIMEN T E~PERATURE = 1600 CENTIGRADE 

VOLUt·1ETR.IC FLOWRATE = 2680 ML, PER ~INUTE 

GAS C 0 l"P 0 SIT I 0 N = • 0 0 E 4 4 

A 1 t' 0 S P H~ R I C P R E S S U R E = 7 6 2 • 0 I" • t1 • t'. E R C I... R Y 

WElGH T OF SPECIMEN = ,9400 GRAMS 

TI ME 

MIN UTES 

0 .. 0 

• 5 

1. 0 

1.5 

2. 0 

2.1 

2. 2 

2.4 

2.5 

3. 0 

4 ' IJ 

4.4 

5,0 

5. 0 

6. 0 

7. 0 

8. 0 

10. 0 

10. 0 

12. 0 

13. 5 

16.0 

2 0. 0 

2 0. 0 

25. 0 

3 0. 0 

35.0 

4 0. 0 

50. 0 

SLLPHUR 

WT, PER CENT 

0. 0 0 0 

.474 

• 7 2 0 

.861 

1. 0 4 

1.17 

1.19 

1. 2 5 

1.26 

1. 3 8 

L tt 

1.E6 

1. 7 E 

1.73 

1.94 

1. g 4 

2. 0 4 

2.14 

2. 10 

2.14 

2. 3 0 

2. 1 g 

2.21 

2. 27 

2. 3 3 

2.24 

2.21 

2. 2 4 

2.23 

MASS TRANSF ER COEFFICIENT= 41.06 

V A L UE OF THE C 0 N S T A N 1 8 = 2 2 • 0 1 

CM, FER SECOND 

CM,PER SECOND 



TABL E 10 

SULF~URISA T ION IN H2-H2 S 

SPE.CH1t:N TE t1PERATURE = 1600 CENTIGRADE 

VOLUt1ETR.IC FLOWRAT E = 2680 ML. PER tHNU TE 

G A S C 0 HP 0 S I TI 0 N = • 0 G 7 4 7 

AT~OSP~ERIC PPESSU RE = 758, 8 M,M.MERCU~ Y 

W EI GHT 0 F S PE C It1 EN = , 9 8 9 5 GRAMS 

TI~ E SLLFHUR 

MI NU TES WT,PERCENT 

0. 0 0 . G 0 0 

• 5 • 4 79 

1. 0 . 7 4t 

1. s· . g7o 

2 . 0 1 . 2 0 

2. 5 1.38 

3. 0 1 . 55 
I 

4. 0 1.76 

5 . 0 2 . 0 5 

7 . 0 2 . 26 

10 . 0 2. 48 

15. 0 2 . 53 

2 0 . 0 2 . E2 

2 5 . 0 z. tc 
3 0 . 0 2. EE 

35. 0 2 . 7 0 

4 0 . 0 2 . E 1 

4 5 . 0 2 . 7 3 

50 . 0 2 . 56 

I:NDIVIDUAL 

v::::IG:1TS - G~J\ ·lS 

0. 98?0 

0. 9250 

0 . ']8 ..., 

o. <;87P. 

o. c;e?E 

o. S2C>5 
I 

0. 9923 
0 C042 . /-
0. 9932 
1.0~14 

0. ']919 

o. ?9S 7 

0. 9953 
c . 9867 

0. 9914 

0. 9729 
0. 7882 
o. c:e l+6 

MASS TRA NSFER COEFFICIE NT= 39 .07 CM.PER SECOND 

VA LUE OF THE C 0 N S T A N T B = 2 1 • 7 0 C M • F E.R SEC 0 N 0 



TABLE 11 

SULF~ UR ISATI ON IN H2-H 2S 

SPECIMEN TE MPERA TU RE = 1600 CEN TI GR ADE 

VOLUMETRIC FLOW RATE = 900 ML. FER Ml i\ L TE 

G A S C 0 t"IP 0 S I TI 0 N = • 0 0 1 5 6 

AT MOSP HER IC P RESSURE = 74 8. 0 ~ . ~ . ~ER C UR Y 

WEIGHT OF SPECI MEN =1 , 2203 GRAMS 

TIME SULPHUf; 

1-'llNU TES WT,P ERCEt\ T 

0. 0 0 . c 0 0 

• 5 • 03 4 

1 . 0 • 0 7 8 

2. 0 . 13 6 

3 . 0 .1 S4 

4. 0 • 23 9 

s; • G 
..., ., n 

• c;. , u 

6. 0 • 3 01 

8 . 0 • 3 45 

10. 0 .3 52 

12 . 5 • 3 94 

15 . 0 • 4 24 

17.5 • " 1 g 

2 0. 0 • 4 29 

2 5 . 0 . 433 

3 0. 0 • 4 32 

I 

MA SS TRA NSFER COEFF I CIEN T = 20 .72 CM .P ER SECO ND 

VA LUE OF THE CONSTAN T 8 = 1 6 , 1 0 CM . PER SECOND 



TAB L t: 12 

SULP~URISATION IN H2-H2S 

SPECIMEN TE MPERA TURE = 1600 CENTIGRADE 

VOLUME TRIC FL OWRA TE = 900 ML . PER MINUTE 

GAS C 0 ~p 0 S I TI 0 N = • 0 0 21 5 

ATMOSPHERIC PRESSURE = 756. 6 M. M.MERCURY 

WEIGHT OF SPECIMEN = . 9705 GRAMS 

TIME SLLPHUR 

~1! NUT E S WT . PERCEN T 

0 . 0 0. 0 0 0 

• 5 • 056 

• 5 • 0 59 

1.0 .114 

1.5 .173 

2 . 0 • 2 23 

2 . 5 • 2 56 
~ n • 2<38 ~. ~ 

3.5 • 3 3 0 

4. 0 • 36 2 

5. 0 • 4 09 

7. 0 • 4 78 

10. 0 • 537 

15. 0 . 563 

2 0. 0 • 57 7 

25 . 0 • 593 

3 0. 0 • 593 

35 . 0 .390 

4 0. 0 • 5 85 

4 5 . 0 • 5 84 

50. 0 • 5 81 

1 

MASS TRAtlSFER COE FFI CIENT= 22.51 Ct1. PER SECOND 

VALUE OF THE CONSTANT 8 = 19,31 CM.PER SECON D 



TABLE 13 

SULPrURISATIO~ IN H2-H2S 

SPECIMEN TEMPERATURE = 1600 CENTIGRADE 

VOLU HE TRIC FLOW RATE = 900 t1 L. PER MINU TE 

G A S C 0 I ;p 0 S I T I 0 N = • 0 0 4 9 o 
ATt'-10SPI-iERIC PRESSURE= 752.~ M. M. MERCURY 

W C: I G H T 0 F S PC: C H 1 EN = • 9 7 3 1 GRAMS 

TIME SLLFHUR 

M I~UT ES WT.PERCENT 

0 . u 0 . 0 0 0 

• 5 • 145 

1.0 • 2 92 

1 . 5 • 416 

2 . 0 • 54E 

2 . 5 .668 

3 . a . 674 
c n ,.. ., r _, . u • ~...)lJ 

7 . 0 .890 

1 • 0 . 1 . 17 

15 . 0 1.33 

2 0 . 0 1. 3 g 

2 U I 0 1 . 4 1 

25 I 0 1 . 47 

3 0. 0 1. 45 

4 0 . 0 1 1 4 2 

45 . 0 1. 43 

50 I 0 1 . 43 

MASS TRANSFER COEFFICi l NT = 21 . 02 CM . PER S ~ CONO 

VALUE OF THE CONSTANT 0 = 18.30 CM . PER SECOND 



T fiB L E 14 

SULF~LRISAT IO~ IN H2-H 2S 

SPEC I MEN TEMPERATURE = 16 00 CENTIGRADE 

VOLUI1ET~ IC FLOWRATE = 5(170 t.L. PER I'I~UTE 

G A S C 0 MP 0 S I TI 0 N -= , 0 0 18 o 
AT ~ OSPH~~ IC PRESSURE = 758, 9 ~.M . ~ERCUR Y 

HliGHT OF 5PECII 1EN = , 9710 GR AMS 

Tit'·E 

INUTES 

0. 0 

• 5 

• 5 

1.0 

1. 5 

2. 0 

2 . 5 

3. 0 

3 .5 

4 . 0 

5 . 0 

7. 0 

10. 0 

1 5 . 0 

2 0 . 0 

2 5 . 0 

3 0. 0 

3 5 . 0 

4 0 . 0 

4 5 . 0 

50 . 0 

SULFHUR 

WT,PERCEN T 

• 0 c 0 

• 113 

.111 

.1 9 S 

• 2 olJ 
• 3 1 y 

• :3 55 

• :3 87 

. 418 

• 4 36 

. 478 

. 515 

• 5 2S 

, 53S 

, 53S 

• 5 ;31 

. 536 

. 535 

. 542 

. 543 

• 3 41 

MflSS TRAN SFER COEFFICIENT = 44 ,21 CM,FER SECOND 

VA LUE OF TH E CONS TANT 8 = 31 , 32 CM,PER SECOND 



TA 9 LE 15 

SULP~URISATlON IN H2-H 2 S 

SPECI I1EN TE MPERA TUR E = 1600 CENTIGRADE 

V O LU~1E TRI C FLOW RATE = ;;u7 0 h l . PE~ i~INU T E 

G A S C 0 t'IP 0 S I TI 0 N = • 0 0 57 2 

ATI10SPHEP IC ;::>RESSURE = 158, t I" , M, MERCURY 

rJ E IGHT OF SPECIMEN = . 9 5 18 GRAM S 

Tit1 E SLLPHUR 

tHNUTES WT,PERCEN T 

0 . 0 o. 0 0 0 

• 5 • 5 09 

1. 0 . 70 ~ 

1.5 • 8 88 

2 . 0 1 . 01 

2 . 5 1 . 14 

3 . 0 I l. 33 

3 . 5 1 .4 1 

4 . 0 1 . 4 8 

5 . 0 1. 55 

7 . 0 1. 6 7 

1 0 . 0 1. 8 5 

1 5 . 0 1. 88 

2 0 . 0 1. 8 9 

2 5 . 0 1 . 89 

3 0 . 0 1 . 91 

35 . 0 1. 86 

' 4 0 . 0 1. 89 

4 5 . 0 1 . 9 1 

50 . 0 1 . 8 g 

. 

l 

MASS TRA NSFER COEFFICIE NT = 47 . 96 CM . PE R SECOND 

VALUE OF TH£ CONSTANT 8 = 2 9. 34 CM . FE R SECOND 



TABLE 16 

SULPHURISATlON IN H2-H2S 

SPECit1EN TE t1PERA TU RE = 1600 CENTIGRAD E 

.VOLUt1ETRIC FLOW RATE = 5070 h l. PER i"It-U TE 

GAS COI 'POSITION = , OOE39 

AT MOSPHER IC PRESSURE = 757.7 ~ . M . M ERCLRY 

WEIGHT OF SPECHi EN = . 9732 GRAMS 

TI ~E SuLPf-IUR 

~11 NUT E S rJT • P E R C E N T 

0. 0 G, 0 0 0 

• 5 . 378 

1. 0 .745 

1. :3 .955 

2 . u 1 .14 

2. 5 1. 3 3 

3 i 0 1 '· c:;. -· 'l...., 

4. 0 1.t:2 

5 . 0 1. 71 

7. 0 1.91 

1 0. 0 2.02 

15. 0 2.15 

2 0 . 0 2. 0 8 

2 0. 0 2. 15 

2 5. 0 2 .15 

3 0. 0 2. 0 8 

35. 0 2. 14 

4 0. 0 2. 05 

4 5. 0 1.98 

50 . 0 2.08 

. 

MASS TPAtlSFER COEFFICIE NT = 47. Ot CM,PER SECCNO 

VALUE OF THE CO NSTANT 8 = 30 ,91 CM,PER SECOND 



T ABLE 17 

SULPrURISATJON IN H2 -H2S 

SPEC I ~ID~ TEt1PERIITURt: = 1500 CENTIGRAD E 

1/ 0 L Unt:T i~IC FLOri RAT E = 9 0 0 I'll , F ER 11 HlUT E 

GAS CO ilDO SITION = , OG2SO 

A T M OS P r~ F'. I C P ~ E S SUP E = 7 5 9, ·r t' , M • t'. E R C L R Y 

r/ t_ IGHT OF SPt:Cit1EN = . 9754 GRAMS 

TI ME SULPHUR 

HI NUT : S HT , PERCEI'< T 

0. 0 c. 0 0 0 

. s • t) 81 

1 . 0 • 121 

1, 5 ,1 89 

2 . 0 • 2 3 7 

2. s .2 90 

3. Q "2C.::C 
• \J .J' ,., 

4. 0 .433 

5 . a . 493 

7. 0 , 6 41 

1 u. 0 . 67 7 

1 5 . 0 ,77S 

2 0. 0 • 81 7 

25 I 0 , 853 

26. 0 , 838 

3 0. 0 • 8 32 

3 5. 0 , 84 4 

4 0 . 0 . 85 7 

4 5. 0 • 8 55 

4 5. Ll • 8 6 7 

50. 0 , 84E 

MASS TRANSFER COEFFICIENT = 19.91 CM .P ER SE COND 

VALUE OF TH E CONSTANT 8 = 14-, S1 Ci1.PER SECOI\0 



SULPrLRISATIO~ IN H2-H2S 

SPECI MEN TE MPERATURE = 1500 CENTIGR~OE 

VCLU f1 ET~IC FLOWRATE = 900 ML. PER MINUTE 

G A S C 0 t1P 0 S I TI 0 N = • 0 0 E: 5 4 

AT MOSPHERI C PRESSURE = 75E.7 ~.M.~E~CLR Y 

WEIGHT OF SPECIMEN = .9 513 GRAM S 

Ti f'I. E SLLFI-UR 

MHW TE S W T,P ER CE~T 

0. 0 0. 0 0 0 

• 5 • 218 

1.0 • ~ 0 lt 

1. 5 • 5 5S 

2. 0 • 7 07 

2. 0 .720 
... c: t::. J .e2E 
3. 0 • g E: 3 

4. 0 1. 2 8 

5. 0 1.35 

5. 0 1.44 

6. 0 1.51 

7. 0 1. 55 

8. 0 1.76 

g. 0 1. 8 e 
1 0. 0 1.98 

11. 0 1. g E 

12. 0 2. 0 4 

14. 0 c. 13 

1 E:. 0 2. 2 0 

18. 0 2. 3 0 

2 0. 0 2. 3 0 

2 0. 0 2.24 

2 5. 0 2. 3 8 

3 0. 0 2.41 

3 5. 0 2.43 

41. 0 2. 3 s 
4 5. 0 2.45 

50. 0 2.42 

MASS TRA NSFER COE FFI CIE NT= 21.48 C~.FER SECCNC 

• 



TABLE 1 9 

SULFHURIS .liTION IN H2-H2 S 

SP ECIME~ TE MP~RATURE = 1500 CENTIGR.liCE 

VC L UI·1ET~IC FLCViPATE = 2680 ML . FER MIN UTE 

GA S CO PO SITION = • OCC15 

AT MOSP~"F:R IC PRESSURE = 75~ . 7 M.M . ME~C L R Y 

~lEIGHT OF SFECHlE = . 968e GRflMS 

Ti tJE SLLPI-"U~ 

Hif'\UTE S HT.FE~CEt\ T 

0 . 0 0. 0 0 0 

• 5 • 0 07 

1 • 0 • 016 

1 . s .022 

2 . 0 0 0 27 

2 . 5 0 0 '0 

3 . 0 • 0 :3 ~ 

3 . s I'"?~ 

I . u~:; 

4 0 0 0 0 39 

7 . 0 • G 4 5 

1 0 . 0 • 0 46 

15. 0 • o 4 e 
2 5. 0 • 0 50 

3 5 . 0 • 0 4 g 

4 0 . 0 . 050 

4 5 0 0 , 05 0 

50 0 0 , 050 

I 

11ASS T PANSFER. COEFFICIO' T = 4C.94 CM.FER SECOt'\C 

VALUE OF THE CONSTANT 8 = 28.85 CM.PE SECOt\0 



TA BLE ?0 

SUL~HU~JS~TICN IN H2-H2S 

SP ECI I1fN T t:11PEf<ATURE = 1500 CENTIGR .liOE 

VOLU1·1E T. IC FL OWP I\TE = C:::b80 I".L, PE~ HINUTE 

G A S C 0 I ~P 0 S I T I 0 N = • 0 C 18 6 

A T I', 0~ p H: F~ I c p R E s suR E = 7 5 f:. E: tv • tv I I" E K cuR y 

WEIGHT OF SPtl. I I'1r::N = . 9687 GRAMS 

T I I~ t SL. LP HUR 

t1II'W T f: S hT1 PE r::CEN T 

o. a c. c 0 0 

• 5 • 123 

1 I 0 I 1 S4 

1 1 5 . 285 

11 5 . 260 

2- Q -~7 ...... --- . 
2 I 5 . 36 6 

3. 0 • 412 

3 I 5 1 449 

4 . 0 I Lt 7 0 

5 . 0 • 51t: 

7. 0 .5 E:1 

1 0 I 0 . E16 

11. 5 • 6 37 

15 . 0 • 6 2E 

2 0 I 0 , E51 

2 5 I 0 • 6 5~ 

3 0 I 0 . E4e 

3 5 I 0 • E 55 

4 0 . 0 • 6 49 

y.? . 0 . E52 

50 . 0 . 672 

-

~l ASS T RI\tJSFER. COEFFICIE NT = 3 9, 4 7 CM . FER SECCNO 

VALUE OF THE CONSTANT 8 = 2~.28 CM. PER SECCND 



T ~8 l E 21 

SULP~LRISATIO~ IN H2-H2 S 

SPECIMEN TE t1PERA TURE = 1500 CENTIGRAD E 

V C l UM E TR I C FL 0 W RATE = 50 7 0 ~ I L • PER tv I l\ U l E 

G A S C 0 MP 0 S I TI 0 N = • 0 0 21 g 

A T M OS P He RIC P R E S SUR E = 7 5 9. 7 1". • M • t-'1 E R CUR Y 

WEIGHT OF SPECI MEN = . 9773 GRAMS 

TIME SLLFHl.JR 

~1INUTES WT.PERCENT 

0 . 0 0. 0 0 0 

• 5 . 1S4 

1.0 • 2 98 

1. 5 • 3 eo 
2. 0 . 444 

2. 5 . 500 

3 . Q I ~<n ·- .... .... . 

4. 0 •E:OE: 

4. 5 . 6 1 0 

5 . 0 , 664 

E: . 0 . 6 73 

7. 0 • 7 0 = 
1 0. 0 ,7 68 

1 5 . 0 .7 80 

2 0. 0 • 7 8 2 

2 5 . 0 • 7 60 

3 0 . 0 • 7 81 

35 . 0 • 7 87 

4 0 . 0 . 7 71 

4 5 . 0 .7 8 1 

50. 0 • 7 8 s 

I 

MASS TRANSFER COEFFICIENT = 48.57 CM,FER SECO~O 

VALUE OF THE CCNSTANT 8 = 31,82 CM , PE~ SECOND 



TABLE 22 

SULPHURISATlON IN H2-H2S 

SPECIMEN TU1PERATURE = 1500 CENTIGRADE 

V C L Ut·1 E T ~I C FL 0 W PA TE = 50 7 0 ~ ~ L. PER MINU TE 

GAS COi·: POS ITI ON = • 006 39 

ATMOSPHE RIC PRESSURE= 759.1 M. M, MER CURY 

WEIGHT OF SPECIMEN = ,9 935 GRAMS 

TIME SULPHUR 

MI NUTES WT, PERCENT 

0. 0 0. 0 00 

• 5 • 362 

1. 0 • 8 20 

1. 5 1.07 

2. 0 1.18 

2. 5 1. 38 

3. 0 1. 4 5 
I It n L ?D •• w 

5. 0 1. 8 0 

7. 0 2.05 

10. 0 2. 3 0 

15. 0 2.41 

2 0. 0 2.42 

25. 0 2.37 

3 0. 0 2.39 

3 5. 0 2.43 

4 0. 0 2.49 

45. 0 . 2.41 

50. 0 2 .41 

I 

MA~S TRANSFER COEFFICIENT = 43,39 CM,PER SECOND 

VALUE OF THE CO NS TANT 8 = 32. 54 CM.PER SECO ND 



TABLE 23 

SULFHURISATION IN H2-H2 S 

SFECIMEN TE MPERATURE = 1750 CENTIGRADE 

V 0 L Ut~ E T RIC FL 0 W RATE = 9 0 0 M L • PER ~I NU T E 

GAS COMPOSITI CN = • 00148 

AT~OSPHERIC PRESSURE = 753.9 M.M.ME~CURY 

WEIGHT OF SPECIMEN =1.1993 GRAMS 

TillE SULPHUR 

MINUTES WT. FE RC EN T 

0. 0 0. 0 00 

• 5 • 0 29 

1. 0 • o Eo 

2. 0 .121 

3 •· 0 .1 e4 

4. 0 • 2 22 

5. 0 • 2 55 

0. 0 I • z 9:5 

8. 0 • 3 28 

10. 0 . • 3 45 

12.5 • 3 (:3 

15.0 • 3 80 

i 

MASS TRANSFER COEFFICIENT = 21.90 CM.FER SECCNO 



TAB LE 24 

SULPHURI SATION IN H2-H2S 

SPECIMEN TE MPERA TURE = 1 750 CENT IGRADE 

VOLUi'IETRIC FLOWRATE = 90 0 t~L . PER MI NUT E 

GAS COt·1POSITI ON = o 00895 

AT MOSPHERIC PRESSURE= 749 o8 M, M, MER CU RY 

WEIGH T OF SPECIMEN =1 , 1381 GRAM S 

TIM E SU LPHUR 

MINU TES WT oPE RC EN T 

0. 0 o. ooo 
• 5 • 167 

1o 0 • 44 0 

2. 0 • a c4 

3. 0 1.1 8 

4 I 0 1.4 0 

5 ~ Q 1 : t2 

6. 0 1. 8 9 

8 0 0 2,1 8 

1 0. 0 2 .4 4 

12. 5 2. 54 

15 . 0 2 .6 2 

17,5 2.7 5 

2 0. 0 2 . 69 

25. 0 2.70 

3 0. 0 2.69 

4 0 I 0 2.80 

50. 0 2.90 

I 

MASS TRANSFER COEF F IC IEN T = 24 , 23 CM,F ER SE CO ND 



TABLE 25 

SULPHU R ISA TI O ~ IN H2-H2S 

SFECIMEN TE MPERATURE = 1750 CENTIGRADE 

VO.LUf1ETRIC FLO~JRATE = 2680 I'. L, PER I"INU TE 

GAS COHPOSITI Or\ = , 00241 

A T ~OSPHE R IC PRESSURE= 759,6 MoM,MERCUR Y 

~~ E I G H T 0 F S PE C H 1 EN = • g 6 c 1 G R A t-'. S 

TI I"E SULPHUR 

MI NUTES WT,PERCENT 

0. 0 0 . 0 0 0 

• 5 . 131 

1 . 0 • 2 32 

1. s .311 

2 . 0 • 3 69 

2~5 • 4 31 

1. n • 4 (::9 

4. 0 • 529 

5. 0 • 5 83 

7. 0 • 6 31 

10. 0 • 6 55 

15. 0 , 6 E2 

2 0. 0 .670 

25 . 0 • 6 71 

3 0 . 0 • 656 

3 5 . 0 • 6 70 

4 0 . 0 • 6 70 

4 5. 0 • 6 E:1 

50. 0 • 6 63 

I 

. 

MASS TRA NS FER COEFFICIENT= 42,55 CM.FER SECCNO 



TABLE 26 

SULPHURISATION IN H2-H2S 

SPECIMEN TEMPERATURE· = 1750 CENTIGRADE 

VOLUMETRIC FLOWPATE = 2680 ML. PER MINUTE 

GAS CO MP OSITION = • 00747 

AT MOSPHERIC PRESSURE = 756.7 M,M , MERCU~ Y 

WEIGHT OF SPECIMEN = .9731 GRAMS 

TIME SULPHUR 

MINUTES WT. PERCEN T 

0. 0 0. 0 00 

• 5 • 3 t4 

1. 0 • 7 05 

1.5 • 9 74 

2. 0 1.18 

2.5 1.36 

3. IJ 1. 5! 

4. 0 1.71 

5. 0 . 1. 83 

7. 0 2.08 

10. 0 2.20 

15 . 0 2. 34 

2 0. 0 2.26 

25. 0 2.31 

3 0. 0 2 .24 

35.0 2.31 

4 0. 0 2.29 

45. 0 2.33 

50. 0 2 .27 

I 

MASS TRANSFER COEFFICIENT= 42 . 72 CM.PER SECOND 



TABLE 27 

SULFH UR I SATI ON IN H2-H2S 

SPECIMEN TE ~PERATU R E = 1750 CENT IG RADE 

VOLUMET IUC FL OWP.ATE = 5070 ML. FER MINUT E 

G A S C 0 I <~ P 0 S I TI C t\ = • 0 0 7 4 7 

ATr OSPH ERIC P RESSU RE = 75 8 . ~ M. M. MERCUR Y 

WEIGHT OF SPE CI MEN = . 9912 GRAMS 

TIME SULPI-Uf( 

MI NUTES WT,P ERCEN T 

0 . 0 0. 0 00 

"l • 3 01 . ~ 
• 8 • 7 52 

1.3 1 . 02 

1. 8 1. 26 
- "l ~ . ~ 1 . 39 

3. 0 1. 53 

4 . 0 i . 74 . 

5 . 0 1.88 

7 . 0 2 . 03 

1 0. 0 2.22 

1 s . 0 2.20 

2 0. 0 2. 1E 

2 5 . 0 2.27 

3 0. 0 2.23 

3 3 . 2 2 .23 

35. 0 2.27 

45. 0 2.22 

50 . 0 2.22 

I 

MASS TRANSFER COEFFICIENT= 49.94 CK.FER SECCND 



TABLE 28 

SULPHU RISATION IN H2-H2S 

SPECIMEN TE MPERA TURE . = 1675 CENTIGRADE 

VOLUMETRIC FLOHRA TE = 2G80 NL. FER MINUTE 

GAS COI'iPOSI TIOI~ = , 01.)523 

ATMOSPHERIC PRESSURE= 759 , 0 M,M , MER CURY 

WEIGHT OF SPECI MEN = , 9770 GRAMS 

TI ME SULPHUR 

MINUTES \H , PC:RCEN T 

0 . 0 0 . 0 00 

• 5 • 2 62 

• s • 2 75 

1 . u • 5 71 

1. 5 • 649 

2. 0 • 812 

2 . 5 • 9 yJ 
I 

3. 0 1.04 

5 . 0 1.34 

7. 0 1.52 

10. 0 1. 65 

15. 0 1.5 8 

2 0 . 0 1 .6 0 

25 . 0 1. 6 0 

3 0. 0 1.55 

35. 0 1,58 

4 0. 0 1,56 

50. 0 1,60 

-

I 

MASS TRANSFER COEFFICIEN T= 42,02 CM, PER SECOND 



DESULPHURI S,\TION wiTH PllRE HYDROGi::N 

SPECHiEN TE~lPZRATURE : 1600° CENTIGRADE AT ALL TH~ES 

TAI3L:!: ?.9 

F1..0\&ATE = 900 f:;L o PEr- tH!'Il.JTE 

\-lEIGHT = 0 . 9731 GR!U·!S 

TH1E SULPHUR 

~1INUTES 'tiT . PEHCENT 

0 , l.LfO 

2 . 1.02 

3. 0 . 756 

4. 0 . 578 

6, Oo390 

8. 0 . 245 

10 , 0, 143 

12. 0,087 

1Lf , o.o6J+ 

17 . 0 0016 

20 . 0. 007 

25 o < 0 . 005 

TABLE )0 

F'1..0\.'RA TE == 2, 6 80 t·lL o PER l·UI'HJTE 

WEIGJI'l' = 0 . <)489 Gl~ :Hifi 

Tnm 
~'liT\'UTES 

Oo 

2o 

3o 
40 

5. 
6. 

8. 
10, 

12 o5 

l 5 o 

17 o5 -

20 0 

SL1JPHUR 

\VT , PERCENT 

1. 7() 

0 .821 

0 . 615 

0 . 376 

0 . 231 

0 . 196 

0 .062 

0 ,027 

0 . 013 

o.oo6 
< 0 0005 

<::. 0 0005 

nBr.:~ : ,1 

FLO'IIR!" TE = 5 , 070 l'lL o F KR XlNU'l'E 

HEIGHT = 0 , 973,2 GRAI"lS 

TIHE 

MINUTES 

o. 
2. 

3. 
4. 

5. 
6. 

7. 
8. 

9. 
10 . 

12 . 

15 . 

SULFHUR 

·,,IT. PERCENT 

2.09 

0 . 908 

0 . 573 

0 . 359 

0,206 

0 . 135 

0 . 078 

0 . 050 

0 . 030 

0 . 0 1 8 

o.oo8 
C::::0 . 005 



TABLE 3? 

DESUI,PHURIS;..TIOtr 1,H'I'n m t;RT GASES 

SPBCHIEN TEHPERATURE = 1600° CENTIGRP. DE 

VOLDr-lETRIC FLO~VHATE = 2 , 960 HL . P:CR HINUTB 

GAS COJ,1POSITION - PURZ HELilJl l 

i!EIGHT OF SPECIHEN = 0 . 8864 GR.,w; 

TH".E SULP.HU~ 

i'UNUTES \iT . PEHCEHT 

o. 2 . 23 

5 . 2 . 22 

10 . 2 . 04 

12 . 5 2 . 08 

15 . 1.83 

17 . 5 1.98 

20 . 1.90 

22 . 5 1 . 93 

25 . 1.78 

27 . 5 1. 81 

\ 30. 1.81 

30 . 1 . 75 

35 . 1 . 71 

40 . 1. 71 

50 . 1.55 



TABLE -z,.3 

DESUTYWuRISATIOH 1:iiTH I HERT G:,SES 

SP~CIHEN TE!~PERATURE = 1600° CENTIGRAD~ 

VOLUl-JBTRIC FLO .. P ... ATE = 3, 340 t-IT. . PER FI NUTE 

GAS CmlPOSITION a ) PURE HELI Ufl 

b) :t:EJ,H.Tl·i - HYD~OG~N 

c) PURE HYDHOG!:N 

HEI GHT OF SPJBCIHEN = 1.0966 GR/ HS 

TD1E SULPH'C'R 

HI NUTES '.JT . PERCEI\'T 
PUH,C; H:3;Limi 

o . 1. 47 
10 . 1. L~2 
20 . 1.38 
30 . 1. ;·1 
ItO . 1 . 22 
50 . 1 . 16 
60 . 1.10 

94~; H::LI UH - 61~ F.YDi.\OG:Ctr 

o . 1. 47 
3. 1. 36 
5. 1 . 28 
7. 1. 26 

10 . 1.17 
12. 1 . 08 
15 . 0 . 977 
20 . 0 . 868 
25 . 0 . 742 

PURZ HYDRCGEI\ 

o . 1 . 47 
a. 0. 755 
3· o , 457 
L~ • 0. 313 
6. 0. 126 
8. c .o19 

10. o . co9 
12. < O. OC5 
15 . < o. co5 



SP:CCHiEN 'I'EJ.IPERATURE = 1600° C£:.~TIG~ADE 

VOLDNETRIC FLO .,'R,\TE = 18 , 900 HL. PER r.;nmTE 

GAS CCEPOSITION a ) PURE HITROGEN 

b) .IITROGEN - HYDROGZN 

HEI GHT OF SPECINEN = 1 . 0353 G~M·lS 

TIHE SULPHUR 

r-:nmTr;:; ~fr ., PERCEt:T 

PURE J-iiTROGEN 

o. 1 . 88 

15. 1.80 

25 . 1.71 

35. 1.70 

45 . 1.58 

55 . 1.50 

65 . 1.37 

9Z/b :'iiTROG EN - 8% HYDROG:sN 

o. 1.88 

3 . 1.?9 

5 . 1.70 

10 . 1.61 

I 4 . 1.52 

20 . 1. 39 

25 . 1.15 

30 . 1.07 

40 . 0 . 878 

50. 0 . 611 

60 . 0 . 498 



TABLE 35 

c~s DROP RATIO 
3 

kg AVERAGE b AVERAGE 
FLOW TEMP PH S x10 VALUE kg VALUE b 
RATE oc • 

2 
em/sec em/sec em/sec em/sec cmJ PH 

~1inute 2 

900 1500 2.50 19.92 
20.7 

14. 91 
16. 1 

900 1500 6.54 21.48 17.35 
900 1600 1. 56 20.72 16. 10 
900 1600 2. 15 22.51 21.4 19. 31 17.9 
900 1600 4.96* 21. 03 18. 31 
900 1750 1. 48 21. 90 

23. 1 
r-- 900 1750 8.95 24.23 
2680 1500 o. 15 40.94 

40.2 
28.85 

26.6 2680 1500 1. 86 39.47 · 24.29 
2680 1600 1. 86 38.86 24.01 
2680 1600 2.50 39.60 23.64 
2680 1600 3.61 40.34 25.92 
2680 1600 3.99 40.44 24. 10 
2680 1600 4.29 42.52 40.5 25.28 23.7 
2 680 1600 5.32* 41. 26 23.75 
2680 ' 1600 5.72 41.41 22.75 
2680 1600 6.44 41. 07 22.01 
2680 1600 7. 47 39.08 21. 71 
2 680 1675 5.23 42.02 42.0 
2.680 1750 2. 41 42.55 

42.6 2.680 1750 7. 47 42.73 
: ·070 1500 2. 19 48.57 

46.0 31.83 
:.o7o 1500 6.39 43.39 32.54 

32.2 

=·070 1600 1. 86 44.21 31. 32 
:.o7o 1600 5.72 47.96 46.4 29.34 30.5 
=·070 1600 6. 39~~ 47.07 30.91 
=·070 1750 7. 47 49.95 49.9 . 
... 

SYNOPSIS OF EXPERIMENTAL RESijLTS IN TABLES 2 TO 28. 



TABLE 36 

TEMPER- FLOW RATE 
ATURE 

oc 900 2680 

1500 2.49 4.83 

BY 

·EXPER IMENT 1600 2.38 4.51 

1750 2.29 4.23 

RANZ-MARSHALL 
1500 2.68 3. 17 

APPROACH VELOCITY 

AT ROOM TEMP. 
1600 2.66 3. 13 

NO WALL EFFECT 

1750 2.62 3.07 

RANZ-MARSHALL 
1500 3.50 4.60 

VELOCITY AT 

Tf + 1600 3.48 4.56 
WALL EFFECT 

1750 3.45 4.49 

APPROACH VELOCITY 1500 3.56 3.96 

AT ROOM TEMP. 

NO WALL EFFECT 1600 3.53 3.89 

NATURAL CONVECTION 

1750 3. 47 3.81 

-
COHPARI SON OF ~!EASURED SHER~ NUNBE."qS vJITH VALUES 

CALCULATED BY CORRELATiqNs ON THREE DIFFERENT BASES , 

cmj per min. 

5070 

5.53 

5. 16 

4 .95 

3.59 

3.55 

3.48 

5.57 

5.52 

5.44 

4.34 

4. 24 

4 . 14 



TABLE 37 

FLOW RATE DROP TEMPER- · THERMAL 

ATURE DIFFUSION 
3 

FACTOR em per min. 

900 1500 0.61 

2680 1500 0.48 

5070 1500 0.54 

900 1600 0.57 

2680 1600 0. 4 6 

5070 1600 0.52 

Theor etical value of a = 0. 71 

VALUES OF THERHAL DTF'FUSION FACTOR FOR BINARY GAS MIXTURE OF 

HYDROGEN - HYDROGEN SULPHIDE FOUND BY EXPERI MENT AT DROP 

T.ENPERATURES OF 1500 AND 1600°C. 
: ' 



-

TABLE ;& 

DROP GAS 
TEMPERATURE FLOWRATE K Log K 

cm. 3per min 
1750 5070 0.00287 -2.54 
1750 2680 0.00285 -2.55 
1750 2680 0. 00285 -2.55 
1750 900 0. 00261 -2.58 
1750 900 0.00271 -2.57 
1675 2680 0.00273 -2.56 

Average value of K at 1750°C = 0.00278 

Average Log K at 1750°C = -2.56 

VALUES OF THE EQUILIBRIUM CONSTANT FOUND FROM SIX INDEPENDENT 

EXPERif1ENTAL RATE CURVES AT 1675 AND 1750°C. 



TABLE 39 

. CORRECTION OF .ERUILIBRIA FOR IRON DROPS 

LEVITA·rED IN HYDROGEN - WATER VAPOUR GAS MIXTURES. 

DATA OF LARCHE CALCULATED BY PRESENT STUDY 

NUMBER TEl-1PERATURE LOG OF kg E HEAN 
OF OF IRON E):iUILIBRIUM 0 VALUE OF 

SAl.fi>LES DROP oc CONSTANT em. per s. em. per s. K 
0 

8 1550 o.8a 16.1 13.0 4.59 

8 1600 0 .. 723 16.5 13 •. 4 3.57 

10 1650 o •. 591 16.8 13.8 2.6'2 

9 1700 o.482 17.2 14.2 2 .. 04 

7 1750 o •. 396 17.6 14.7 1.67 
42 

LARCHE'S EQUATION :- Log K = 7054 -3.16 
o T 
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