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ABSTRACT

The kinetics of heterogeneous reactions at high tem-
peratures were studied by exposing electro-magnetically
levitated drops of nickel and iron to flowing gases.

The rates of reduction of nickel-oxygen alloys in hydro-
gen and the rate of solution of oxygen in pure nickel showed
that the transport of solute atoms in liquid metals under
these conditions is much more rapid than other workers had
suggested.

Gaseous products are formed by the combination of
adsorbed atoms on the surface of the ligquid metal. The
surface activity of solutes is therefore of primary im-
portance. Overall reaction rates can be controlled by the
kinetics of these surface reactions when the concentration
of an adsorbed reactant is low. In the oxidation of sulphur
from nickel-sulphur alloys, the rate can become chemically
controlled when the surface concentration of either oxygen
or sulphur is low.

During the oxidation of iron-carbon and nickel-carbon
alloys, the change in rate-control at carbon concentrations
below about 0.4% is due to a decrease in the rate of the
chemical reaction at the metal surface, which is in turn
caused by the low concentration of adsorbed carbon atoms.

The evidence does not support the earlier hypothesis that the
slow diffusion of dissolved carbon to the metal surface
controls the reaction rate. |

The carbon monoxide "boil® has been shown to be indepen-
dent of the formation of metal oxides, When iron-carbon
drops react with oxygen diluted with helium, the "boil" can
“occur at supersaturations of carbon monoxide estimated to be

below 10 atmospheres.
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I, INTRODUCTION

The research which will be described in this thesis
began with the purpose of investigating an anomaly in phase
nucleation, Other workers had shown that carpBon monoxide
bubbles could nucleate in drops of liquid iron-carbon alloy
in the absence of any solid phase. Supersaturation of the
gas was calculated to be less than 100 atmospheres but
theoretical estimates showed that pressures of 10,000 atmo~
spheres should be necessary..

Electro-magnetically levitated drops of a nickel-oxygen
alloy were reduced in hydrogen but this experimental system
failed to produce the expected bubbles of water vapour.
Examination of the reasons revealed that solutes such as
oxygen were transported in the liquid metal much more rapidly
than earlier workers had suggested. It appeared that the
surface of the liquid metal and the adsorption of solutes on
it might be important in heterogeneous reactions. Experiments
on the oxidation of nickel-sulphur alloy drops showed that a
chemical reaction between adsorbed species could be the
rate-controlling step when a gas reacts with a dissolved
element.

Alloys of carbon in nickel or iron were oxidised to
determine whether surface chemical reactions were also
important in decarburisation. The conditions at the time
of the carbon monoxide "boil" reaction were of special
interest in view of the original purpose of the research,

Becausgse of the changing course of the research, it is
not possible to present a literature survey of the whole
field comprehensively and concisely and Section II instead
describes the origins of the project. Particular attention

is given to the decarburisation reaction which not only is
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crucial to the manufacture of steel but also continues to
pose problems of great theoretical interest in the field of
high-temperature chemistry.

The methods used in calculating mass transport rates
are set out in Section V, in which experiments to measure
empirical constants are also described. Some ways of
improving the methods of calculation are alsoc proposed.
Notes:

A1l temperatures not otherwise designated are in degrees
Centigrade.

All compositions of liquid and solid metals are given
as weight percent. The same units apply in considerations
of thermodynamic equilibrium,

In abbreviating 'Argon', the permitted alternative
'Ar' has been used to avoid confusion with the general
gymbol 'A' for an unspecified gas in mass transport theory.

The reference 'Distin' which appears frequently and
without a number has been used for brevity and shouvld be

,_fead as_}nclud;ggﬂh;s co-authors Hallett and Richardson (1).
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ITI BACKGROUNID TO THE RESEARCH

1. General
~ As recently as the early years of this century, the refining

of the blast-furnace product: to steel was little understood in
scientific terms. Pioneers such as Herty in the 1920's began
studying the changes that occur in the steel furnace and in the
following decades, Schenck and notably Chipman investigated the
physical chemistry of‘steelmaking reactions in the laboratory.

Attention focusséd at first on thermodynaﬁics: enexrgy
balances and the conditions for equilibrium. More recently,the
kinetics of reactions have claimed more interest and physical
'chemistry hag been Bupplemented by the theory of transport
phenomena,

2. Work at the Royal ..School of Mines

Investigations in the early 1950's relating to metal
refining were concerned mainly with reactions between slags and
metals in crucibles. When the field of research expanded to
incliude reactiéns between liguid metals and gases, the technique
of electromagnetic levitation of metal cdrops was adopted.

The application of this phenomenon of 1evitafion to solid,
and liquid metals was proposed in Germany in the 1920's but its
development as a laboratory technique had to await the 1950's,
when Okress and others in the USA began to6 explore its
possibilities. Peifer (3) reviewed this development and
described current equipment and its applications. Toop and
Distin in their doctoral theses discussed control variables and
some of the varied work employing the technique (1,2).

Levitation has the unique advantage of supporting a metal
drop out of contact with any other liquid or solid phase.
Interactions with crucible materials are eliminated and a large
area of metal, in relation to its weight, is presented for
reaction with the gas stream. ‘

Toop (2) exploited this advantage in studying oxidation
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equilbria and kinetics with nickel and copper drops, tle found
that the rate of oxidation of liquid copper appeared to be
controlled by a slow chemical reaction at the phase interface but
Glen (4) later showed how traces of silicon in the metal could
oxidise to form a film which retarded reactions at the surface.
Forster (5) took precaﬁtions to remove such films and studied
reactions of copper and nickel with oxygen and sulphur. Ihe rates
of sulphurising, desulphurising and deoxidising copper were
controlled by gaseous diffusion but a slow chemical reaction
appeared to control the rate of oxidation of copper by 002, at
least at temperatures up to 1500°C.

Hallett (6) made some studies of the fume formation from
iron-carbon alloy drops. His calculations of the supersaturation
of carbon monoxide when the "boiling" action began gave values as
high as 100 atmospheres.

Distin investigated the processes of decarburisation and
recarburisation with iron drops, the rate of vaporisation of iron
and the rate of sulphur loss from iron/sulphur alloys in reactive
and inert gases.

Because of the special relevance of decarburisation to the
research to be described, other work on this basic reaction of
steelmaking will be surveyed before Distin's work is discussed in
more detail.

%, Decarburisation of Tiquid Iron-Carbon Alloys

By the late 1950's, the essential thermodynamic data of
steelmaking, including activities and interactions of carbon and
oxygen in liquid iron (7-9) and the equilibria between these
solutes (10-12) had been established. Interest in the reaction
kinetics was developing at this time and by about 1961 several
writers had discussed and summarised the kinetics of reactions in
the open~hearth furnace (13-17). Chemical reaction theory
applied to the carbon-oxygen reaction predicted a rate of '"carbon
drop" that was 10,000 times greater than that observed (14) and

the rate-limiting effects of diffusion processes were recognised.
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These contributions dealt with reactions between metal and
oxidising slag and with the diffusion of carbon monoxide from the
metal into bubbles of the same composition (see also ref. 18).

The gaseous oxidation of iron-carbon alloys in crucibles was
examined by Russian, Japanese and Canadian workers: among the
more accessible accounts are those of Niwa and co-workers (19)
and of Jamieson and Masson (20), who found that the rate was
controlled by a gaseous diffusion step.

Baker, Warner and Jenkins (21) employed levitation in studying
the gaseous oxidation reaction and so eliminated the confusing
side reactions with slags and crucible walls. When carbon
dioxide was used as the oxidant, its rate of diffusion in the
gaseous phase was the rate-controlling step. Baker, in co-
operatibn with Ward (22), later experimented with iron-carbon
drops falling through pure oxygen and found that a violent 'boil!
occurred which was caused by the generation of carbon monoxide
within the liquid metal. Hamielec, Iu and WacLean (25) pointed
out that Baker's theoretical model of the diffusion process
predicted rates lower than those observed. In subsequent papers,
Baker revised his calculations of the theoretical rates and

confirmed his earlier conclusions (23,24).

In their second paper, Raker, Warner and Jenkins (23)
reported that the rate of decarburisation of levitated drops in
oxygen began to decrease at a carbon level a2 little below 1%, at
the same time as the carbon monoxide 'boil' occurred. They
considered that the transport of carbon in the liquid metal had
become the rate-~limiting step.

Other workers at this time were decarburising crucible melts
with oxygen (26-28), carbon dioxide (29-32) or water vapour (29),
with and without inert diluents. Most of them confirmed that
gaseous diffusion controlled the reaction rate down to carbon

levels below 1%. Some also reported a change of kinetic control
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due to the slow diffusion of dissolved carbon (26,28-30) and noted
the appearance of oxide at the time of this change (29). The
only dissent came from Swisher and Turkdogan (32) who exposed
crucible melts to a stream of carbon monoxide and dioxide and
considered that the reaction rate was controlled by a slow
chemical reaction at the mstal surface involving the dissociation
of carbon dioxide.

Distin (1) decarburised levitated iron drops with oxygen,
carbon dioxide or water vapour and also reported that the gasecus
diffusion step controlled the reaction rate down to carbon levels
between 0.5 and 1%. There was some evidence that the controlling
step changed just as the 'boil' began and Distin commented that
iron oxide always appeared at this moment. The gradient in the
hypothetical diffusion boundary layer for dissolved carbon was

believed to become too low to "drive® the carbon atoms in suffi-

cient numbers to the reaction interface, so that diffusion in

the metal phase was then the rate-limiting step. The carbon
content at the surface fell to zero and iron oxide could form

At this moment the average carbon and oxygen contents of the drop
corresvonded to conditions of gaturation in carbon monoxide at
about 40 atmospheres. If it were supposed that small amounts of
iron oxide were carricd by convection currents into the metal,
local supersaturations of 100 atmospheres or more might occur.
Indeed, since there was no sudden change in the average oxygen
content as the boil began, it appeared that the oxide phase

might be nucleating the gas bubbles.

This then. was the state of knowledge on decarburisation
kinetics when the project began. For the reasoning leading to
the initial experimental work we must consider also the difficulty
of initiating gas bubbles in a liquid metal.

4. Bubble Nucleation

Most of the literature on nucleation phenomena concerns
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solid phases and the few attempts that have been made to predict
the conditions for nucleating gas bubbles within liquids,
particularly ligquid metals, seem to show that nucleation in a truly
homogeneous single phase is virtually impossible.

In a small bubble of radius r, the balance of forces due to

the surface tension ¢ and the gas pressure p is such that

29
r

Then the equilibrium pressure (the supersaturation of the‘gas in

P::

the liquid) must be larger for bubbles of smaller sige. Ward (33)
estimated that a CO nucleus of molecular dimensions (r = 0.6 nm
approx.) requires a supersaturation close to 50,000 atmospheres

in the liquid iron.

Supersaturation implies high chemical potential. The free
energy is reduced when the dissolved atoms enter a gas bubble but
against this there is an increase in interfacial area, requiring
an energy increase which is numerically equal, for each unit of
area increase,to the surface tension. The decrease in volume
free energy is therefore a function of r3, where 'r' is the bubble
radius, whereas the increase in surface free energy is a function
of rz. Below a critical radius, a small Increace in bubble size
would give a net increase in free energy and could not occur
spontaneously. How then is a nucleus to reach a viable size with
a radius greater than the critical Value?

Bradshaw (34) estimated that the rate of bubble nucleation in
liquid iron containing carbon and oxygen would be vanishingly
small unless the supersaturation of CO were of the order of 30,000
atmospheres. This treatment necessarily made broad assumptions,
in the absence of other data, on the conditions within bubbles
that contain only a few molccules of gas.

Baker and Ward (22) considered that a superssturation of CO
estimated at 60 atm. should be sufficient for homogeneous

nucleation and quoted Rangue (43) and Bodsworth (44) in support.
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Rangue, however, calculated the equilibrium pressure in a bubble
with a radius arbitrarily set at one micron as 56 atm. Bodsworth
made an almost identical calculation but neither writer claimed
that this pressure could cause new bubbles to nucleate
homogeneously.

Cahn and Hilliard (35) showed that many assumptions on the
nature of a nucleus must be modified when the nucleation of a -
s0lid phase within a two~-component liquid is being considered but
there is apparently no advanced treatment of gas bubble nmcleation
from a liquid of different composition.

Most writers have resolved these theoretical difficulties
by suggesting that gas-filled crevices in a rough furnace hearth
or crucible wall could rucleate bubbles heterogeneously. The
experiments of Koerber and Oelsen with CO boils in glazed and
rough crucibles are often quoted in support of this suggestion
(see, for instance, ref. 33).

That CO bubbles should be nucleated in appargntly homogeneous
levitated drops is therefore of great theoretical interest.
Distint's observation that iron oxide may be present does not
completely explain the anomaly, since the supersaturation needed
to cause nucleation at an oxide/metal interface would be'diminished
by a factor not greater than three (1Db).

5. Initiation of the Project

Further datawere sought in support of Distin's conclusion
that supersaturation pressures of 100 atm. or less would suffice
to nucleate gas bubbles. The reaction to be studied should
produce no additional phases such as oxides but should be capable
of developing high supersaturation pressures.

In a liquid nickel-oxygen alloy drop, a diffusion coefficient,
km, for oxygen of the order of 0.03 cm/s was expected, by analogy
with Distin's figure for carbon in iron? The reaction rate for

such a drop with flowing hydrogen should quickly become restricted
#See Addendum : p-9
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by slow diffusion of the oxygen to the metal surface and
hydrogen should be able to dissolve. For conditions of

hydrogen saturation at temperatures a little above the:

melting point of nickel it can be calculated thatf

Pro = 3% 70k

If the oxygen concentration were 0.15% a supersaturation
pressure of 45 atm. might develop.

These conditions might be induced by exposing nickel-
oxygen alloy drops to flowing hydrogen. If the flow were
sufficiently rapid, control should shift from transport of
gaseous species to transport of dissolved oxygen. Hydrogen
should then penetrate the drop while oxygen is still present

in the liquid metal.

Addendum: Mass transfer coefficient of oxXygen in nickel.
Distin pointed out that the diffusivity of oxygen in

liquid iron is not less than one~third of that of carbon

and that the mass transfer cﬁefficients would be related

to fractional powers of these figures. The viscosity

of liquid nickel is not known but is unlikely to differ

greatly from that of iron.
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III EXPERIMENTAL TECHNTQUES ANO MATERTIALS

P =

1. Electro-magnetic Levitation

The coilé were gimilar to those emploved by other workers at
the Royal School of Mines (1,2,4 & 5). Jenkins, Harris and Baker
(36) have described coils of this type and discussed the effects
of design variables. Power was supplied by a Philips high-
frequency generator supplying 6k¥W at 250 kilocycles per second.

In the simplest experimental apparatus, a reaction tube of
silica glass containing the levitated érop in a stream of gas,
passes fertically through the coil (2,4,5). This arrangement also
simplifies calculations of mass transfer between the drop and the
gas streaml The coil must be enlarged to accept a tube of
practical size. . Because the levitating force decreases sharply
as the coil diameter is increased, the sample weight is limited to
one gram or less.

Samples of 1.5 to 2 g. were preferred in the work to be
described because of the larger weight-to-area ratios and the
longer rcaction times. Attempts to redesign coils to opcrate
with larger silica tubes were not successful because of the
limitations of the power supply The coil had to be sct up
inside a reaction vessel, which is shown in Figure 1.

Qhe coil had four or five turne of 1/8-inch copper tubing
forming a truncated cone with an included angle close to 60°.

The smallest internal diameter was 11.5mm, for nickel drops and
10 mm. for iron drops which were more difficult to levitate. The
upper pair of turns of opposite sense were of 11-12 mm. internal

diameter.

The high-frequency field both levitatcs and heats the sample
and the two functions cannot be independently controllec, except
within very narrow limits (2a). The heating effect would vaporise
the common metals if a strcam of cooling gas were not supplied.
Helium has the highest thermal conductivity among the non-

reactive gases and flows of about a litre per minute, impinging
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on the drop, will keep the temperature of pure iron or nickel at
about 1650°. The end of the silica tube through which the gas
was supplied was 6-7 mm. above the usual position of the top of

a 1.5-2 g. drop.

2. Materials

(a) EEEEE: The manufacturer's standards of purity for gases
supplied in steel cylinders are shown in Table 1. Fach gas
passed through 'Anhydrone' (magnesiumperchlorate) to ensure dry-
ness; other methods of purificafion are described in connection
with the relevant experimental work. Flow-rates were controlleé
and measured by capillary meters together with "bleed-off™
columns filled with dibutyl phthalatc. The capillary jets were
calibrated for flows up to 2 litres per minute by the soap-film
method, where the timea movement of the film sweeps out a known
volume. An o0il-filled rotary meter was used in calibrating
larger jets. The errors, judged by the degree of scatter of the
points about a smooth curve, were not greater than * 3%.

Figure 2 shows schematically how various gas mixtures could
be supplied to the reaction vessel. A special four-way valve
(Fig. 3) allowed the flow to the reaction vessel to be changed by
means of a 60° turn from an inert to a reactive gas without
disturbing the pressure and rates of flow of the gases. With the
valve connected close to the reaction vessel, the intervening
volume of only 8 cm5 could be swept out (assuming "plug flow")
in about 0.5 s. by a gas flow of 1 litre/minute.  The pinch-
cocks shown in Figure 2 on the two waste outlets were adjusted to
equalise the resistance to gas flow in the two lines.

The preportion of oxygen in mixtures with inert gases was
checked frequently with a solid-electrolyte cell (constructed by
Mr. L.E. Leake), in which a tube of i#semi-stabilised” zirconia
containing 7.5% lime was kept at 900 t 5O in a Nichrome wire-

wound tube furnace. Figure 4 shows the arrangement of zirconia
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and alumina tubes and the electricel connections to the cell,
The cell resigstance was about 12 kilohms and the potential
difference had to be measured by instruments of high imperance.
A Vibron ZElectrometer was used for most of the work but a
Keithley Electrometer or a Solartron digital voltmetei were
substituted at times. The "zero reading", caused by thermo-
electric effects at the cell terminals and by the effects of stray
fields on the leads to the electrometer was measured from time to
time while pure oxygen was supplied to both inlets of the cell.

Generally this value was not greater than 0.5 mV.

Table 1: Purity of Gases: Manufacturer's data on typical
analyses.

Impurities: Volumes per million

Gas
O2 N2 002 CH4 HZO
Oxygen* - - 1 15-20 10-15
Hydrogen 1-2 50 - 70 1 1 2~3
Helium 1 % 34 - - 12
Argon 1 - 1 1 1-2

% Also 0.2% Ar
v In 250 ft.3 cylinders; up to 10 v.p.m.
in 44 ft.° cylinders.

(b) Metals and alloying substances: Table 2 shows the sources

and analyses of the elemental substances used. The following
compounds were also employed:

Nickel oxide: The black "General Purpose Reagent" (HW) of
indefinite composition was heated in air to a dull red-heat

yielding the light green compound NiO. Anaiysis by reduction in
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Table 2: Analyses of Solid Materials

. S
Material ) i’ercentages FYarts per million i C()ifit;er
Source Data c N 0 5 Data A1 Ca Cu Fe Mg Mn Ni S5i | ata
Source 3ource :
Nickel rods Ji. B <1 <1 1-3 7-8 <1 <1 4-5
Oo -
shot Hi B 3 gi ) <10 (M) 0.01-0.04%Fe
' . 0.05- “ - , o
powder H.J I 0.1 0.1 0.001 3 3 <1 1 30 10 10 (W) 0.06%Cs
' 0.12%0
sPonge Jti B 0.005 ] <1 <1 2-10X<: 1-3 | (J) 0.06%0
Iren powder KL M < 0.22 <0.22<0.4 S 1 S <1 1 >100 20 (1) <0.03%C;
Oo 18‘,”09
Graphite powder Ji: 3 0.3 Je03 C.01 0.3 0.02 0.1 0.5
Sulphur crystals Jii B 1 0.5 <1 <1 0.1 <1
i i
'flowers! HJ ".eets standards of British rharmacopoeia for Frecip. Sulphur: As < 2.5ppm, 'ash! <0.25%,
I no heavy metals."
Abbreviations Jd  Johnson, iiatthey Chemicals Ltd. B lanufacturer's analysis of batch
H¥  Hopkin & J/illiams Ltd. {. kMenufacturer's date for ty:ical levels
KL. Xoch-Light Laboratories Ltd. 3 Sample submitted to Ji for analysis
¥ Yriter's analyses {by methods described in text)
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hydrogen showed that this contained 21.3% of oxygen (theoretical
content = 21.4%).
Ferric oxide: the red oxide (KL) of laboratory reagent grade was
heated in air to dull red-heat to ensure dryness and complete
oxidation to FeZOB‘

3. Preparation of Alloy Samples for Levitation

(a) Cast rods: In the early work, pure nickel rods were induction-

melted in magnesia or alumina crucibles and nickel oxide was added
to the liquid metal. Sticks were cast by drawing the metal up
into sillica tubes of 7 mm. bore, with a hypodermic syringe body
used as a simple suction device. Portions of the sticks were
filed to uniform weight and cleaned in hot 50% HCL, followed by
rinsing in water and acetone.

It was difficult to cast sound sticks containing more than
about 0.5% of oxygen or smaller amounts of sulphur. The alloys
solidified slowly because of their long solidification ranges and
nickel-rich liquid ran out of the core.

(b) Pressed pellets: The technique of cold-pressing powders into

cylindrical pellets was adapted from the method of making reference
electrodes for research on solid-electrolyte cells. Mixtures of
metal powder with an oxide, granhite or sulphur were made from

the weighed components and suitable portions were pressed in a
+-inch steel die under a load of 6000-8000 1b. The pellets were
strong enough to withstand handling and could be levitated and
melted easgily.

4. Levitation Technigue

A sample was raised into the coll on a small silica cup in a
stream of inert gas. About a second after the power was switched
on, the sample became levitated. With some coils, a flow of
argon, which has a thermal conductivity lower than that of heliun,
had to be used to permit melting but in most experiments samples
could be melted in heliam. The liquid drop was fhen held for

a short period (usually one minute) to allow the temperature to
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become stahble,

Small amounts of the added elements were lost during melting
- sulphur, for example, was seen to vaporise briefly just before
the sample reached red-heat - and the experimental data for '"zero
time" represent samples melted, held for the usual time and cast
in helium.

5. Temperature Measurement

(a) Instruments: The temperature is conveniently measured by

detecting visible and near-vizible radiation at a location outside
the reaction vessel. Two instruments were available:
Land Radiation Pyrometer (Type QSH 100/5: Land
Pyrometer Ltd., Sheffield).
The image of the hot surface is focussed on a

silicon-cell detector which is sensitive from the
visible range into the ncar infra-red (effective

wavelength = 0.9 micron). The instrument had been
adanted to view a disc of only 0.05 inch diameter
at 5 inches from the main lens. Current generated

by the cell is applied across a 500 ohm resistor
and the potential difference can be recorded.

Evershed Optical Pyrometer (Evershed & Vignoles Ltd.)
Disappearing - filament type with manual adjustment
Bffective wavelength = 0.665 micron. Used only
for provisional cross-calibration of the Tand
Pyromecter with metals whose emissivities were known,
The signal from the Land pyrometer was measured on an AET
recording voltmeter in the carlier work. Temperatures of the
decarburisation experiments and some other work were recorded on a
Honeywell "Electronik 194" instrument which had a wide selection
of voltage ranges and chart specds and could trace rapid

temperature variations in detail.

(b) Emissivity of pure metals: The emissivity of the metal must

be known so that the pyrometer signals can be corrected to give
the true, "black-body" readings. Wien's ILaw relates the truec and
apparent absolute temperatures:-

1 1
T -~ 7 = Alng

a

where is the cemissivity at the wavelength X s

Y
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Cy is a constant = 14330 micron - K. The literature gives

the following cmissivity values:

Metal Effective N Temp. range € Workers Ref. No.
microns °¢
Dastur
Fe 0.665 1505-1900 0.4%-0.50 Gokeen, 37
Ni 0.665 1453-1600  0.40 Toop 2
Ni 0.9 1500-1750 0.40 Forster 5

B o T T B

The writer estimated the emissivity of nickel by observing a drop
with both pyrometers simultaneously. Calculations based on
Toop's figure for the Evershed instrument gave an emissivity of
only 0.3 at 0.9 microns. Both pyrometers gave consistent read-
ings at the melting point of nickel. To resolve the difference
from Forster's value, measurements were made with crucible melts,

Nickel was induction-melted under argon (with a little
hydrogen) in an alumina crucible with a thermocouple sheath
entering through the base. The filled crucible was viewed by
the pyrometer from above while a thermocouple of Pt/Pt + 13% Rh
measured the temperature a few millimetres below the liquid
surface. The upper limit of readings was 17500, just below the
melting point of the platinum thermocouple wire.

Metal vapour in the space between the metal surface and the
gas supply tufe, which also provided a path for the radiation to
the pyrometer, absorbed some radiation and caused crrors at
temperatures above 1650°. The effective emissivity measured with
the optical pyrometer below this temperaturc was constant at
(e1) = 0.365 and was assumed to apply up to at least 1750°.

The two instruments were then set up to view a levitated
nickel drop simultaneously. The gas stream removes virtually all
metal vapour, at least at temperatures lower than 18000. "Black-

body" temperatures were calculated from the optical readings by
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applying the effective emissivity value given above.

The effective emigsivity of iron at 0.9 micron was glso
determined by the "two-pyrometer" method and the data of Dastur
and Gokcen (37) were applied to correct the optical pyrometer
readings.

The tremsmissivity of the viewing windows, cut from Kodak
glide cover-glasses 0.85 mm thick, was calculated from the change
in the Land pyrometer signal when a seccnd square of the same
glass was interposed in the light path(4a). The mean of about
40 valuecs was 0.888.

The values of the effective and true emissivities at 0.9

micron were taken as:

(e1)g. g €0.9 Temp. range
Wi 0.288 0.320 M.pt. - 1800°
Fe 0.2830.35 0.%13$0.39 M.pt. > 1740°C

(respectively)

(¢) Emissivity of alloys: Toop (2) showed that dissolved oxygen

and sulphur changed thc emissivities of coprer and nickel. To
provide data for the 0.9 micron wavelength, nickel-based alloys
were tested with up to 0.75% of either solute.

Pressed pellets of nickel with known amounts of sulphur or
the oxide were added to nickel melts in a crucible fitted with a
thermocouple, to0 give concentrations in steps up to the maximum.
The emissivity changes were small and the effective emissivities
for the alloys of highest solute concentration, viewed with the

optical pyrometer, were:-

£0.665
Ni + 0,50% 0O 0.38
Ni + 0.76% S 0.35

Viewing levitated alloy drops with the two instruments gave

the following values:-
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(et)g g £0.9
Ni + 0.75% 0 0.2% 0.325
Ni + 0.75% S 0.27, 0.304

Both solutes are believed to have roughly equal surface-
activities in mickel and the effect of sulphur in decreasing the
emissivity value is surprising. All tests were made with the
same equipment and under identical conditions and there is no
reason to doubt the relative changes in emissivity.

Rist and Chipman (8) found that iron-carbon alloys at the
eutectic temperature had the same emigsivity as pure iron.
Because of the other errors in temperature measurements it was
considered that accepting the pure-metal emissivities for all
alloys of iron or nickel with carbon would noet cause s~rious
inaccuracies.

(d) Errors: The Land pyrometer is capable of measuring temperat-
ures in the range of calibrationto within a few degrees but wmuch
larger uncertainties in the reported temperatures arise from
difficulties in controlling sample temperatures.

Under steady conditions of power setting and inert gas flow,
the temperature of a levitated drop varies ovér periods of several

inutes by as much as 20° above and below the average, nrobably
because of small variastions in the main power supply. The
response to manual adjustments of the power is slow and reduces the
extent of variation by not more than a third. In addition,
changes in alloy compositinn (particularly in the oxygen content)
can strongly affect susceptibility to the high-frequency field

and the heating effect.

Temperatures above 1800°C can be obtained only by extra-
polating the calibration curve. It was found that plotting
log V against 1/T (where V is the signal from the Land pyrometer,
in millivolts) gave a straight line which could be exgended more

easily. This procedure implies an assumption that the
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emissivity remains constant. The emissivity of nickel-oxygen
alloys containing wmuch more than 0,75% 0 has not been measured.
The temperatures reported for pure nickel “rops exposed to oxygen
must therefore be taken as guides to the relative increases in
temperature rather than as absolute data.

The accuracy of slignment of the pyrometer head was f:equently
checked by traversing it on two axes to obtain the meximum signal
from a ligquid drop; the drop was then quenched in a rapid stream
of hydrogen and allowed to remelt in helium so that the signal at
the melting point could be observed.

6. Analytical Methods

(a) Oxygen in Nickel: The solid samples were reduced at 1300~

1350°, following the method described by Young (39) and others (4,5)
for copper samples. Becausemo&t of the oxygen separates in cast
nickel as dispersed particles of oxidé, there are no oxide-rich
grain boundaries to offer easy routes for diffusion. Diffusion
of oxygen atoms through the so0lid nickel controls the reduction
rate.

To shorten the time needed, samples were rolled to plates
0.4 to 0.5 mm., thick. About six of these could be reduced together
in an alumina boat. Reduction times were calculated for 99%
depletion by the method for a semi-infinite slab (14), apvlying a
diffusivity value extrapolated from the data of Brown and Alcock
(40) but experience showed that about twice these periods should
be allowed. The vatterns of blisters formed during reduction
showed that the oxide inclusions were segregated near the core of
the cast sample instead of being uniformly distributed as the method
of calculation assumes.

Tests with oxygen~free samples showed that accumulated weight
losses due to vaporisation of metal or of traces of oil picked up
during rolling, together with welghing errors, were not greater

(5]

than 1074 g. representing a maximum of 40.007% Q on a 13g. sample.
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Any silica or silicate cements in refractories exposed to
hydrogen at high temperatures caused serious weight gains which
were believed to be due to the formation of volatile silicon

monoxide which was reduced on the metal surface.

(b) Omygen in Nickel containing Sulphur: Hydrogen removes some of

the sulphur as HZS' The oxygen content of the sample, can, }
however, be determined if the evolved sulphur is measured and the
weight loss from the sample corrected.

The gases from the furnace were bubbled through a 15%
solution of zinc acetate (with a small addition of acetic acid).
At the end of a run (on a single sample) a measured excess of
centinormal jiodine solution was added, the solution acidified with
HCL and the usual back-titration made with thiosulphate and
starch solutioﬁs.

Semples were too brittle for rolling and were instead crushed
in a percussion mortar and the fragments collected in a weighed
alumima boat. Samples wifh more than about 0.3% S were given a
preliminary hydrogen-reduction in the cast state, to remove some
of the sulphur and minimise losses of the friable sulphides during
crushing. |

Reduction periods of 1% to 2 hours were usually sufficient
for crushed samples but several were given additional periods to
confirm that all oxygen had been removed. The remaining sulphur
(30-60 % of the original content) could then be determined by the
combustion method.

The procedure yields oxygen and sulphur contents from a
gingle sample but is time-consuming. The fusion method, described
below, would probably be more suitable for these oxygen Jdetermin-
ations, but was not developed until a later stage of the research
programme.

In the reduction method there is a risk that a little HZS

will be carried over from one analysis to the next. It was
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possible that sulphur was deposited in cooler parts of the tube.

to be slowly reconverted to st when the sample had been removcd.
The error was minimised by allowing about 20 minutes of purging

time after a sample had been withdrawn from the hot zone. Batche o
of samples were also analysed in order of increasing sulphur
content so that losses and gains due to "carry-over" would tend

to be annulled.

(c) Oxygen in Alloys containing Carbon: SBamples were too hard to

be rolled 6r crushed to permit reduction in a reasonable time;
there was also a risk of losing carbon as hydrocarbon gases. The
"carrier-gas/fusion" method was developed from that described by
Shanahan (41), since vacuum-fusion equipment was not feadily
available.

The sample was dropped into a copper-nickel melt in an
induction-heated crucible turned from high~-grade electrode
graphite. Fig. 5 shows the reaction vessel. An argon strzan,
purified by being passed through soda~asbestos and over copper at
6000, carried the evolved carbon monoxide through a copper oxide
furnace at 600°C: +the carbon dioxide was absorbed in a Nesbitt
bottle containing soda-asbestos with a covering of Anhydrone.

Toop (2) also fused his samples in a carbon crucible but
passed the gases through heated iodine pentoxide and titrated the
iodine produced. The very slow gas-flow made an hour or more
of purging necessary. In the present method 15-17 minutes was
sufficient.

In the absence of a sample, the absorption bottle showed a
weight gain of 0.1-0.2 mg. per minute, which was not eliminated
even when the crucible had been in use for a long time. The
gain during a 1S-minnte analysis might represent as much as 0.04%
O in a typical sample but the error was kept much smaller than
this by checking the "blank" value frequently and deducting it

from the measured weight gains. In order to keep the "blank"
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value constant or slowly decreasing, i1t was egsential the crucible
temperature remained constant.

Pragmented samples were wrapped in copper foil and four
such samples could be placed in the side-arm ready for analysis.
When iron samples were analysed, a second liguid phase rich in
copper began 10 separate in the crucible but the efficiency of the
method was not affected.

Thermodynamic calculations of the equilibme between CO and

80 082 or CS show that the carbon monoxide is by far the most

2’
stable. There is thus little risk of inaccuracy due to the
formation of sulphur compounds from samples containing that

element.

(4) Comparison of Analytical Methods for Oxygen: Nickel-oxygen

samples were made by melting Ni/NiO pellets in helium and also by
exposing nickel drops to flowing helium which contained known
concentrations of oxygen (see Section IV: 4).
The cast samples were rolled to discs about 0.7 mm. thick.
Each disc was cut info guadrants and diagonally-opposed pairs were
treated as single samples, to minimise errors due to segregation
of the oxygen. The samples were analysed by the following methods
(i) Hydrogen reduction
(ii) Carrier-gas/fusion

"(iii) Vacuum fusion (by courtesy of the Research ,
and Development Department, Swinden Laboratories
British Steel Corporation).

The results in Table 3 show no systematic bias in an& of the
methods. Methods (i) and (iii) agreewithin 0.01% Q.  The
differences due to the fusion method are up to 0.0%3% O (on oxygen
contents above 0.10%) but appear to be randomly high and low.

(e) Carbon in Iron and Nickel: Samples were ignited in oxygen by

the usual method, to produce carbon dioxide which was absorbed

on soda-asbestos for weighing.
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Table 3: Comparison of Results from 3 Methods of Oxygen Analysis

gi?ple Segg?g;*in gydroggnoxygegérri§f gas/ Vacuum
eduction fusion fusion%

620 e 0.114 0.118 -
621 e - 0.090 0.118
622 e 0.115 - 0.123
623 e 0.107 0.103% -
629 15 0.05% 0.071 -
630 " - 0.05 0.055
631 " 0.048 - 0.051
625 " - 0.125 0.121
627 " 0.119 - 0.129
628 " 0.113 0.106 -
633 45 0.156 0.157 -
626 50 0.193 0.204 -
632 " - 0.200 0.197
635 " - 0.191 0.200
634 90 0.352 0.363 -
638 " 0.349 - 0.3%45
639 " 0.330 0.364 -
636 120 0.460 0.43 -
637 " 0.516 - 0.521

¥ British Steel Corp., Swinden Labs.

e Ni/NiO pellets, melted and cast in helium

% Ni shot melted in helium then exposed to

He + 0, at 2 litre/minute, Dy, = 0.008
2
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The oxygen was purified with anhydrone aﬁd soda-asbestos.
Iron samples were fluxed with sheet lead or, in later tests, fine
turnings of tin and heated to 1200 - 1230° in oxygen flowing at
about 1% litres/minute. When the vigorous reaction had subsided,
the flow was reduced to 400-500ml/minute and the apparatus purged
for a further 12-15 minutes. For samples that also contained
sulphur, two bubblers containing a chromic/sulphuric acid mixture
were added to the train of drying agents ahead of the soda-
asbesfos bottle.

The "blank" analyses of boats containing flux oniy were
lower than those containing pure iron or standard steels. The
"blank", which includes all errors in the method, was therefore
measured by analysing about 20 samples of standard steels (British
Chemical Standards) and allowing for the known carbon content.
This gave a figure of 00,0030 * 0.0016 g., where the uncertainty
represents two standard‘deviations of the data and corresponds to
an error of £ 0.03 % C on a 1.5 g. sample. This "blank" and the
error are unexpectedly large, although the boats had re-ignited
for several hours at 1000-1100°.

Nickel oxide is infusible at practical temperatures and tenils
to block the combustion of the sample. The furnace was therefore
held at 1400-1425° and copper turnings added to the sample as a
flux. The sample was preheated in argon for 1% - 2 minutes to
ensure that combustion was rapid and complete when the oxygen was
turned on. The purging process continued for 30-40 minutes to
collect a2l the 002, some of which is thought to be entrapped by
the viscous oxides. The '"blank" value of the boats with the
copper turnings was 0.0026 * 0.0013 g. whether or not nickel was
present,

(f) Sulphur in Iron and Nickel

Here again the standard combustion method was used, with a

temperature of 13%00-1330° for iron and 1400-1430° for nickel



- 30 -
samples. Iron samples were fluxed with tin and exposed immediat-
ely to the oxygen stream; nickel samples were fluxed with copper
and preheated in argon. Gas flows and purging times were the
same as in the carbon analyses.

The gases from the furnace pass through a glass wool filter,
an empty vessel (of about % litre capacity, to dilute the initial
surge of SO2 a little) and a sintered glass bubbler into 200ml. of
2% .HCI_containing a little KI and a measured volume of N/50 KIO3
solution. As the combustion and purging proceeded, more KIO3 was
added to maintain a blue colour with added starch solution. Any
exXcess 1odine remainingatthe end of a run was back-titrated with
N/100 Na23203 solution.

It is well known that some of the sulphur dioxide is oxidised
to the trioxide which does not reduce iodine in the absorbing
solution. With a standardised combustion method, the loss is
consistent and is usually calculated by analysing standard samples.

Determinations of sulphur in a wide range of standard iron-
sulphur csamples showed that a smaller fraction of the sulphur was
lost from samples of high sulphur content than from those of low
sulphur content. The correction curve in Figure 6 for sulphur
in iron samples was derived from a logarithmic plotting of the data
which gave a more nearly straight line. The range of scatter of
the points about the curve represents a possible error of £ 5% in
the method.

No analysed nickel-sulphur samples were available. When
Cheng and Alcock (42) were measuring sulphur in nickel, they used
standard steels for calibration purposes and recovered 84.4 T 4%
of the element; The writer's first analyses of melted nickel-
sulphur pellets, whose composition was known within only a.small
margin of uncertainty, showed that more than 90% of the sulphur
was Trecovered. Pellets were pressed from mixtures of known

amounts of nickel powder and sulphur "flowers", wrappned in nickel
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foil to avoid initial losses by vaporisation and analysed with »
flux of copper turnings. The analysis of 21 samples gave a meexn
recovery of 93.5 T 3.5 %.  The points are plotted in Figure 6
and show that the recovery did not vary with the sulphur content.
The improved recovery was not solely due to the higher temp-
erature since steel samples analysed at about 1350° gave recovery
values that were not significantly higher than those determined
at 1300°.

The average titration "blank" due to sulphur in the refract-
ory boats (with added copper) was 0.25 ml. of the KIO3 solution

corresponding to 0.006%S on a 1.6 g. sample.
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IV _BXPERIMENTAL WORK

1. Reduction of Nickel-Oxygen Alloys by Hydrogen

(a) Alloys containing less than 1% Oxygen: Samples cut from

cast rods of the alloys were levitated as described in Section
I11:4. After the required time of exposure to hydrogen, cach
sample was cast into a copper cun by switching off the power
supply.

The reaction rate was cxpected to be controlled by the
transport of oxygen in the metal, as exﬁlained in Section II:5.

‘mass transfer
Distin calculated the é4iffusien coefficient of carbon in iron,
kKﬁ(C,Fe) to be 0.0%32 cm/s. and the figure of the km(O,Ni)= 0.03

cm/s. that was postulated would mean that the oxygen content of
a 1% g. drop should be halved every three seconds. Instead,
tests with flow-rates up to 2% litres/minute showed that 0,8%0
could be removed in as little as two seconds (Figure 7a).

Cast-rod samples and pressed pellets were exposed to hydro-
gen flows of 5 and 8 1/min. but the tests gave rather scattered
results owing fo the difficulty of controlling and recording
the short ?eaction times accurately with a stop-watch.

In Figure 7 the lines have been drawn as guides to the trends
of the data and are not accurate estimates of reaction rates.
Nevertheless, the data indicated that the reaction was in all

cases much more rapid than that postulated above and that the

deoxidation rate increased w*th the rate of gas flow Curves

showlng the oxygen content being halved in uniform increments

of time could not be fltted to the aata (except perhapq at very

low oxygen concentrations). This reasoning implied that the

rate was controlled by the counter-diffusion of hydrogen
tramnsport |

and water vapour in the gas phase and that diffueden in the

metal phase was much. fagster than expected.
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Because dissolved oxygen is surface-active in 1iquid
nickel (45), it was suggested that rapid local changes in
surface tension were eaused while the oxygen atoms were
being removed by the hydrogen. The resulting interfacial
turbulence might then set up eddies which could greatly
enhance the rate of transport of oxygen atoms to the surface.

So that any turbulence could be observed, the reduction
of a drop was filmed with a "Fastax® camera at 1000 frames
per second, The samplec contained about 140 and a few
milligrammes of fine gzirconia powder were added so that the
floating particles could serve as "markers".

The film showed thai the partifles became strongly
agitated as soon as the hydrogen flow was turned on.
Surprisingly, the drop also '"boiled" as Distin's iron-
carbon drops had done and droplets of metalwere ejected.

Some frames showing this reaction are reproduced in Figure 8.
Part of the metal remained solid during the reaction but this
was probably caused by the increased heat loss duc to the
more strongly radiating zirconia, added to the usual cooling
effect of the hydrogen. The "boil" was still in progress

at the end of the film, 3.5 seconds from the first signs of
"gpitting™.

The "boil", which had not been observed in any other
reduction experiment, was evidently caused by heterogeneous
nucleation,. Because the project was concerned with the
homogencous phenomenon, no further experiments were made
with refractory particles but interfacial turbulence was
investigated in additional experiments. |

(b) Effects of sulphur: Sulphur is also surface-active in

transition metals (45,46) but is less rapidly removed because
the equilibrium partial pressure of H,5, which controls the

diffusion gradient in the gas, is very low. Small amounts
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Table 4: Reduction of Nickel/Oxygen Drops in flowing Hydrogen.

Hy: 8 litres/min. Hy: 10 litres/min.
Time (sec) % 0 Time (sec) % 0
0 | ) Sj;é a 0 5.28
0. 5.83 0 5.35
2.0 3,97 0 5.07
2.25 3.51 2.0 2.95
3.5 2.95 2.25 2.90
3475 1.54 2.5 2.64
5.25 1.00 3.25 1.97
6.25 . 0.13 3.5 1.12
8.25 0.012 3.5 1.11
9.0 0.007 4.25 1.55
4.25 1.00
4.75 0.69
5.0 0.58
5.0 0.35
5.25 0,027
5.75 0.005
6.25 0.000
7.0 0.009

7.75 0.001




- 36 -

of sulphur were introduced to keep the surface tension at a
lower value which would be unaffected by the depletion of
oxXygen. This addition was expected to suppress any
interfacial turbulence.

The hydrogen was passcd over hcated copper sulphide;
an analysis of the gas made by bubbling a known volume
through zinc acetate solution gave PH28= 8.5 x 10”4 atm.

The equilibrium sulphur content of a nickel drop held at
1500° in this mixture would be about 0.3%. In further tests,
nickel sulphide was added to the Ni/NiO mixture to give a
nominal sulphur content of 0.1%; these samples were also
reduced in the HZ/HZS mixture.

Figure 7c shows no evidence of any change in the reduction
rates. The rcsidual sulphur content of the cast samples
was below 0,015%: probably sulphur had been lost by rcadions
with the dissolved oxygen immediately the samples melted.

Because this approach no longer appeared promising,
other ways of studying gas/metal reactions were explored,
as later chapters will describe. At a much later stage in
the rescarch it became possible to roturn to the problem -of
rapid reduction rates, with an improved experimental method.

(¢) ARloys containing more than 5% Oxygen: Uniform rods could

not be cast when the Nickcl contained more than about 0.5%
oxXygen. Pellets containing more than 0.9% often fell out
of the coil as they melted. Later studies of the rate of
oxidation of purc liquid nickel showed that 5 to 6 % 0 could
be dissolved reproducibly in drops that remained levitated.
(see Section IV: 4b). It then beccame possible to study
longer reduction rcactions.

Samples of nickel shot (believed to originate in the
Mond Carbonyl process) were filed down to uniform weight.

The levitated drops were exposed to the following sequence
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of gases:
(i) He, 2% 1/min., for 1 min from time of melting.
(ii) OZ/He (as in step vi), 2-4 sec. to oxidise carbon.
(iii) He, about 30 sec.
(iv) Hy, 3-4 1/min, about 10 sec. to remove oxygen.
(v) He, about 1 min. to remove H2 and allow temperature
to becomc stable.
(vi) OZ/He9 p02 = 0,20 atm., 3 1/min., 25 séc. exactly.
(vii) He, 30 sec.
(viii) H,, for measured period of 1 to 9 sec.:-
First series: 8 1/min.
‘ Second series: 10 1/min.
Samples were then cast into the copper cup.

Experimental results are shown in Table 4 and Figure 9.

The data aave ‘been replotted w1th logablthmlc ordlnates in

Fig. 10 to test for possible slow transport in the metal at

lower levels of oxXygen content ”he str 1fht 11n<s in
Figure 9 were first vonstructed to fit the data as well as
possiblc. These lines were replotted in Figure 10 to give’
¥ 1e convex upper curves and the dotted straight lines were
added as tangents to fit the remaining data. The dotted
lines wore transferred back to Figure 9 to givé the lower
curves.
(d) Errors: (i) Timing: It was difficult to observe the time
'accurately on a stopwatch while operating the apparatus when
reaction times were less than two scconds. The times
recorded are unlikely to be more accurate than T 4 second.
It was also impossible to ensure that the sample was
exposed to purec hydrogen for precisely the time intended.
A short but signifiéant time of 0.2-0.4 sec. is nceded to
purge helium from the small volume between the change-over

valve and the cnd of the 'jet' tube. The reaction may also
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have continued briefly during the %-% sccond whilc the metal
flowed to fill the copper cup andbegan to solidify. These
errors in the reaction time should be about the same for all
samples in a given sarics of tests. They have the effect of
transposing all the points, except that for 'zero-time', in
the same direction on the time scale hy a small amount but
they can probably be ncglected in vicew of the larger errors
in observing the time interval.
(ii) Oxygen losses: Some oxygen may be lost as the cast
metal solidifies, Samples cast hefore all oxygen had
reacted became 'inflated' when cast, probably because water
vapour was formed and expelled. Those cast after longer
exposures and containing only hydrogen werc less inflafed.
Nickel at 1500° dissolves 0.00%36% H (38). If this
amount of hydrogen wore present and reacted with dissolved
oxygen during casting, about 0.03%0 might be lost. This is
not very important for oxygen levels down to perhaps 0.2%
but could cause serious errors (if indeed the hydrogen content
reached smsuration) a2t levels below 0.1%.

2. Reduction of Tron-Oxygen Alloys by Hydrogen

Two short scrics of reduction tests were made to
determine whether the transport of oxygen atoms was as rapid
in liquid iron as in liguid nickel,

The ferric oxidec addition to the iron powder for
pelletising was calculated to give an oxygeh content of 0.4%
oxygen, some of this being intended to oxidise carbon present
in the iron powdrsr. The iron powder itself was later found
tc contain 0.18%0. This raised the oxygen content of the
liquid metal to about 0.5% and FeO covered the lower part
of the drop surface before reduction. The pyrometer was

focussed on the bare metal of the upper part of cach drop.
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The drops were cxposed to hydrogen flowing at 2% or 5
litres/minute. Results are shown in Table 5 and Figure 11.

Here again the difficulty of obtaining accurate exposure
times was cncountered. Starting and finishing tempcratures
were in the range of 1700—17250; in some reactions ftransicnt
peaks to about 1755° were recorded.

The positions of the points for the 5 litres/minute
hydrogen flow (Figure 11a) suggest curvature of the linc to
the right. We know that at least part of the curve must be
linear, since the rate of reduction of thc oxide coating is
almogt certainly controlled by gaseous EiiéQﬁEﬁéi. The
straight portion was therefore plotted to intercept the first
point and the data for this line transferred to logarithmic
ordinates (Fig. 11b). The straight line in the latter
diasgram was then constructcd, on a hypothcesis of first-order
kinetics with respect to oxygen, to be a tangent to this
curve and to intercept the points furthest to the right.

In this way, a conservative estimate of the Eiiiﬁgigﬁfr

coefficient 'ké for oxygen was indicated.

Table 5: Reduction of Tron-Bxygen Alloy drops in flowing

Hydrogen Sample weight = 1.79 *0.01 g.
H, at 2% litre/min H, at 5 litre/min
Séconds %0 S&conds %0

0 0.48 0 *

0 0.52 2 0.27

0 0.52 1 0.09

1% 0.39 1% 0.15

7 0.30

25 0.25 2 0.067

3% 0.13 3 0.044

* Same powder mixture used for both serics of tests.
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3. Oxidation of Nickel-Sulphur Alloys

(2) Choice of System: The early work on the reduckion of nickel-

oxygen alloys in hydrogen indicated that the surface activity
of the oxygen might affect reaction rates. Kinetics were
quite different from those expected by analogy with the rates
of oxidation of carbon in iron and it may be significant that
carbon has little or no effect upon the surface tension of
iron (45,46) and nickel (47).

Sulphur is also strongly surface-active in these metals
(45,46) but reactions in which it is absorbed by a metz2l from
HyS (5) or is removed by reduction with hydrogen (1,5,48% are

tyansport
controlled by a slow gaseous :

step.

The oxidation of a metal/sulphur alloy offered a reaction
between two elements, both of which are strongly surface
active. Nickel was chosen because of its high capacity for
dissolving oxygen. The reacting oxygen was diluted with
helium to provide fairly long reaction times with moderafe
gas flows and to avoid the steep temperature rises that occur
in pure oxygen.

Nickel powder or 'sponge' was mixed with sulphur 'flowers!'
(or ecrushed pure cfystals in the later experiments) and
pelletised as usual. After the reaction in the helium-
oxygen mixture, each cast samplé was analysed for both oxygen
and sulphur by the methods described in Section III: 6, parts
(b) and (f).

(b) Results: ©Numerical data are given in Table 6. The first
two weries of experiments (I & II) yielded sulphur-depletion
curves of unusual form (Figure 12 a & c) and other conditions
of gas composition and flow-rate were then studied. When
attempts were made to obtain additional points for existing
sets of data, it proved difficult to reproduce test conditions

precisely after an interval of several days (e.g. Series VI



Table 6: Oxidation of Nickel-Sulphur Drops Jeight for all tests: 1.60 : 0.02 ge
L: flow of helium/oxygen mixture, litr./min. Oxygen and Sulphur listed as wt.%
T: temperature range, °.
'‘Time' = Seconds of exposure to helium/oxygen mixture.
No. I II 111 v v
2
L 1 1 1 L 1
T 1700220 1700%20 1700%20 1600%25 1685%20
Time 0 S Time 0 s Time 0 S Time S Time S
o 0.045  0.45 (Samples as in (Samples as in 0 0.59 (Samples as in
o _ 0.46 Series I) Series 1) 0 0.57 Series 'IV)
o] 0.033 0.4 20 0.10 O. bk 90 0.28 0.28 0 0.58 30 0.57
0 0.023 0.47 40 0.52 0.34 146  0.36 0.100 20 0.54 ks 0.54
10 0.016 O.hh 60 0.53 0.21 150 0.50 0.134 22 0.52 60 0.48
10 0.002 0.46 90 0.50 0.095 180 0.44 0.051 32 0.46 90 0.39
20 0.0238 0.4k 120 073 0.052 190 0.41 0.031 4o 0.41 120 0.27
140 J.16 0.43 |180 1.20 0.026 210 0.54 0.023 60 0.29 150 0.22
53 0.20 0.38 240 0.66 0,011 81 0.11 180 0.14
92 C.21 0.31 100 0.041 210 0.056
120 0.36 0.25 120 0.042
210 C.36 0.053 150 0,028
180 0.004

_9917...



Table 6 contd.

No. V1 5 vII VIII ' IX

p02 0.008 ‘ 0,020 0,008 0.025

L 1 % 1 1 2.5

T 1740%20 i 1750%20 1760%29 1725-1850

‘ Time O S | Time O S Time ) s | Time 0o s
0 0.032 C.68 ' (Samples as in (Samples as in 0 0.030 0,72
0  0.020 0.6k | Series VI) Series VI) o 0.032 o0.72
0 - 0.013 0.66 £ 10  0.045 0.60 30 0.088 0.66 20 0.28  0.53
10 0.066 0.66 ~ 20 0.096 0.65 55 0.096 0.6k 20 0.28 0.56
20  0.078 0.65 ; 30  0.15 0.61 75 0.139  0.60 30 0.36  0.44
30  0.103 0.61 , 20  0.17 0.60 95 0,17 0.56 ! 0.3k 0,46
50  0.12 0.65 | 55 0.18 0.56 120 0.16  0.52 ; Lo 0.51 0.3
55 - 0.55 § 75  0.22 0.45 165 0.17  ©.42 ; 50 0.71  0.21
80  0.27 0.45 l 95  0.27 0.37 265 0.30  0.21 60 0.60  0.12
120 0.21 0,42 1110 0,33 0.33 | 280 0.2k  0.17 % 0.61  0.11
140  0.17 0.4k :150 0,38 0.22 | 300 0.29  0.12 70 0.7t  0.098
160 0.18 0.37 1150 0.3% 0.20 ; 346 0.31 0.084 85 0.98 0,037
200 0.23 0,31 {170  0.40 0.1h ¥ 380 0.37  0.051 95 1.16  0.026
230 .21 o0.2& (200 0.49 0.078 | 119 1.41 0,017
250  G.25 0.19 ; 120 1,60 0.017

4 270 oi.z& 0.12 g 140 1.90  0.011

; 290 0.25 0.1k j 65 2,37 0.019

’ 315  0.30 0.093 § ‘.
361 0.36 3,063 | i

n= a9y -
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& VIII, Fig 12 b).

Data for the lower part of each curve of sulphur content
are shown replotted on logarithmic ordinates in Figure 13 1o
test the hypothesis that the reaction kinetics had changed
from zero-order to first-order with respect to the sulphur.
The straight lines drawn through thece points were then
replotted to give the lower non-linear p=rits of the curves
in Figures 12 a,b,c& d.

(c) Temperature and Observations: In many of the experiments

the metal temperatures rose by 30-40 degrees during the first
few seconds of exposure to the oxidising gas stream, then
settled down to a level close to the original one. In

Series II and V, several samples emitted a spray of fine
droplets at theidnitial exposure but the phenomenon was not
always seen and could nbt be reproduced later for filming.

Towards the end of the longer exposures, the temperature
rose slowly as much as 100 degrees above the st:ady level.
The rise began ata moment close to the end of the period of
uniform depletion of the sulphur. At about the same time,
the small 'slag' particles present on the drop surface
appeared to increase slightly in size.

The~e particles normally appear as very small bright
gyrating swots and are present on all metal drops (except
after reduction in hydrogen), in spite of the high purity
of the materials used. The word 'slag' is used for want
of a better description, since the very small black spot
that was also seen on many cast specimens appeared gleossy
but has not been analysed. It is possible that the particles
are formed from traces of silicon, perhans in combination
with the oxide of the bulk metal or of other trace impurities.

(a) Note on the Oxidation of Iron-Sulphur Alloys: A few

samples made from iron powder with crushed sulphur crystals
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were exposed to oxygen-helium mixtures under conditions similar
to those of Series IV and IX described above. After 20-22
seconds or 13-14 seconds, in the respective series, bright
streaks moved rapidly down the sides of the drop and a coating
of iron oxide formed at the base of the drop. As the oxidation
continued, the area of the oxide coating slowly increased.

Other data are shown in Table 7.

Table 7: Oxidation of Iron-Sulphur Alloy Drops in Oxygen-—

Helium Mixtures.

(1) p02= 0.008 atm., Flow-rate = 4 1/min.
Seconds %BS %0
0 0.735 -
0 0.762 -
50 0.759 ~
55 - 0.55
120 0.732 -
135 - 1.15
(ii) p02= 0.025 atm, Flow-rate = 2% 1/min.
Seconds %S %0
0 (As before)
30 0.746 -
40. - 0.87
70 0.742 -
120 0.735 -

In another sample that was levitated and cast in helium
only, 0.18%C was measured.
Temperature range: (i) 1650-1700 °C

(ii) 1680-1790°C

Weight of samples (all experiments) = 1.6 g.
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4, Oxidation of Liguid Nickel,

(a) Low Oxygen Partial Pressures: The oxidation of the pure

metal was studied under conditions of ges composition and
flow similar to thoze for the desulphurising experiments,
so that the rates of absorption of oxygen in the presence
and absencer of sulphur could be compared.

Samples of nickel shot were filed to uniform weight and
were levitated and melted in. flowing helium. A stream of
hydrogen was admitted for a few seconds to ensure that the
metal contained no oxygen. After a further minute in
helium,'the drop was exposed to the oxygen-helium stream,
The reaction was terminated by switching back to pure helium
and quickly casting the sample.

Results are shown in Table 8 end Figure 14.

(b) High Oxygen Partial Pressures: Tests for Oxide Formation:

If oxygen can be supplied to the metal drop more rapidly
eddy and molecular
than theAdlffu51on processes in the liquid can transport the
dissolved element into the interior of the drop, the metal
oxide should form on the surface although the average

concentration of oxygen in the drop is below the saturation

level, From this average or 'bulk' concentratlon it should

be possible to estimate the llmitlng gradient for mass

transfer and the mass transfer coefficient for oxygen.

Levitated drops of nickel were eXposed in succession to
increa81ng concentrations and flow-rates of oxygen, diluted
with helium. Table 9 shows the oxygen contents attained and
the temprrature range of each experiment. Observations
concerning oxides are described more fully in sub-section(d)
below.

The difficulties of measuring temperatures above 2000°
have already been discussed (Section III: 54); furthermore

the data for the emissivity at high oxygen contents are
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Table 8: Oxidation of Ni Drops by Oxygen-Helium Mixtures

(low oxygen concentrations).

L = Total Flow-rate in litres/minute (inert gases
stated).
T = Temperature range,oc.
Time = Seconds of exposure to OZ/He nixture .
No. I IT I1T Iv v VI
p02 0.008 0.008 0.008 0.008 0.020 0.040
L 1He 3He 3He+ 24hr 5He+3Ar 1He 1He

T 1690-1760 1640-1720 1680-1760 1630-1720 1700-1800 1700~1820

Time %G  Time %O Time %0 Time %O Time %0 Time %0

30 0.083 60 0.30 10 0.094 40 0.34 20 0.131 15. 0.28
45 0.117 60 0.31 20 0.192 65 0.59 30 0,195 20 0.38
50 0.184 80 0.38 20 0.170 90 0.82 40 0.30 25 0.44
75 0.24 120 0,58 30 0.25 100 0.88 60 0.44 30 0.60
90 0.29 158 0.75 40 0.3%2 115 1.03 80 0.63 40 0.82
105 0.33 201 0.94 50 0.48 120 1.07 90 0O.75 50 1.04

120 0.39 50 0.45 100 0.78 60 . 1.16
140  0.46 60 0.50 120 0.92 75 1.55
160 0.51 60 .55 140 1.06
210 0.62 80 0.70 160 1.26

90 0.78

90 0.81

100 0.92

120 1.14

140 1.%1
Wt. of drops: Series I: 1.84 ¥ 0.02 g.

A1l others: 1.60 % 0.02 g.
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Table 9: Oxidation of Liquid Nickel

(with high concentrations of oxygen in the gas

stream).

Weight of drops = 2.00 * 0.02g.
No. i ii iii iv v vi vii
pozzatm 0.08 0.12 0.20 0.20 0.40 0.60 1.00
Gas flow:
1/min 3 3 3 5 5 5 5
Sec. in
O2/He 90 60 45 35 15 6 4%
Temp. °C,
start 1715 1710 1715 1700 1730 1730 1730
final 2025 2050 2125 2150 2250 2275 >2275
%0 6.52 6.78 9.30 9.66 10.9 9.1 8.61

* Approximate:

Sample fell from coil while power

was still on.
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lacking. The calibration curve for nickel containing
3 - % %0 has therefore been extrapolated so that a comparison
of relative temperature levels can be made.

(¢) High Oxygen Partial Prcssures: Rates of Oxygen Absorption:

Two series of samples were exposed for various times to
gas streams containing 30 and 60 % of oxygen, to show the
form of the absorption curves.

Analyses and temperaturcs are shown in Table 10 and
Figure 15. The temperature curves représent averages of
the traces from each series; the temperatures of the
individual experiments varied in the range of * 20° from
the values shown.

(d) Oxides and 'slag' spots: The data in Table 9 show that

oxy~en concentrations up to 104 were achieved in periods
shorter than 20 seconds but no phase identifiable as nickel
oxide was seen to form. In the final test with pure oxygen
flowing at 5 litres/minute, the general brightness and strong
fuing due to the steeply-rising tewperature made observation
difficult but there was no clear evidence of oxide formation.
Bach of the temperature traces showed a steep but smooth rise
to temperature levels above 2200°. The formation of an

oxide coating would have caused a sudden increase in light
emission and in the apparent temperature: mone of the records
showed this feature.

The small bright spots that appeared on nickel-sulphur
samples were again observed when nickel was being oxidised at
low oxygen partial pressures. They usually became more
prominent, although not very large, near the end of an
experiment. These spots were particularly noticeable
during the first experiments made under the conditions of
Serieg II and IV and the final oxygen contents of the samples

(not recorded here) were very erratic and generally below the
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expected levels. When the experiments were repeated, the
drops were first treated in turn with hydrogen, then oxygen
to remove traces of carbon and hydrogen again for thorough
deoxidation. During this short period of oxidation, the
temperature was allowed to rise to about 1750° so that any
silica present might volatilise at least partly. (4).

Little or no 'slag' was observed in the following periods
of controlled oxidation and the results, as Figure 14 shows,
conformed closely to smooth curves.

The difficulty was not experienced in the other series
of experiments in which nickel ghot from thec same batch was
used and it is thought that the higher temperatures in those
series, resulting from the lower rates of gas flow, may have
volatilised silica more rapidly.

Three films of oxidation a2t high oxygen concentrations
were taken at 1000 frames per second with the ‘iFastax' camera:-

1. Pure oxygen at 3 1/min.

2. OZ/He: p02= 0.6 atm., 5 1/min.

3. Ag 2, but pre-treatcd as described above

with H,, Oz/He and again H,.

Bach film showed thet a faint coating began to form almost
immediately the oxygen stream cncountered the drop (Fig. 16).
This coating was only slightly more luminous than the bare
metal and did not appea?¥ to thicken or to increase in

brightness during the 3-4 seconds of film exposure.
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Table 10: Oxidation of Ligquid Nickel (high oxygen
N concentrations):

Data on rates of absgrption.

Gas mixture flowed at 5 litres/minute.

po2 = 0,30 atm. p02 = 0.60 atm.
w = 1.70 £ 0.02g. w = 2.0 % 0.05g.
Time in Temp. °C. %0 |Time in Temp., °C. %0
02 Sec. Start Max. 02 Sec. Stapt Max.
3 1710 - 1.52] 1.2 1735 1860 2,04
5% 1710 1860 2.44| 2.1 1735 1970 3.81
7 1690 1900 3.28| 2.5 1725 2000 4.66
8% 1765 2125 4.39] 2.9 1735 2030 4.4
12% 1685 2070 6.61 4.0 1750 2150 6.55
163 1705 2150 8.46| 6.0 1700 2210 8.32
18% 1685 2110 9.68| 6.1 1745 2275 9.21
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5. Loss of Oxygen from Nickel-Oxygen alloys in Inert Gases

In experiments on the reduction of nickel-oxygen alloys,
measurable amounts of oxygen were lost when drops were held
in helium only. Because of the general interest in heter-
ogeneous reactionsJinvolving oxygen, three series of experi-
ments were made in which Ni/NiO pellets were melted in helium
and kept levitated in helium or helium-argon mixtures.

"Zero-time" was set at 45 seconds from the moment the
temperature of a newly-melted sample passed the 1500O mark.,
As the oxygen content of a drop . became depleted, its
temperature tended to decrease (owing to the increased
conductivity of the metal) and the power éupply was adjusted
from time to time +to keep the temperature steady. = In the
experiments with the highest rate of gas flow, argon was
mixed with the helium to avoid cooling the drops excessively.

Experimental results are shown in Table 11 and Figure

17.
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Table 11: Toss of Oxyvegen from Nickel-Oxygen Alloy Drops

in Inert Gas Streams.

N.B. Time in minutes.

Series T II III
Gas Flow (1/min) 1He 2He 3He + 2 Ar
Drop wt. (g.) 1.42%0.01  1.40%0.01 1.42+0.01
Pemp. °C. 1760220 1760%30 175020
Time %0 Time %0 Time %0
0O 0.772 0 0.717 0 (As in
0O 0.737 0O 0.715 Series I)
0O 0.735 0 0.708 2% 0.705
3 0.648 0 0.721 5 0.655
7 0.5612 0 0.727 10 0.574
12 0.524 3 0,658 17 0.504
18 0.477 5 0.658 17 0.510
18 0.423 7 0.591 26 0.429
25  0.401 10 0.588 35%  0.345

36 0.315 15 0.518
15  0.493
20 0.465
26 0.424
31 0.3%49
33 0.397
40 0.357
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6. Oxidation of Nickel-Carbon Alloys

(a) Intrecduction: Decarburisation studies were made with

nickel alloys to test whether the period of initial slow
reactions, observed with the nickel-sulphur alloys; could

also be detected here. About 2.8%C can be dissolved in nickel
at 1700°¢ (50)., Compared with iron, nickel has a high cap-
acity for dissolving oxygen (49,50) and it was possible that
this might lead to high supersaturations of CO.

The principle of diluting the oxygen with helium was
retained to give longer reaction times and smaller temper-
atu;e rises.

(b) Method: DPellets made from nickel 'sponge' and pure flake
graphite were levitated and melted in helium. The oxygen-
helium mixture was turned on one minute after zll the graphite
had dissolved. Sampleg from Series I and IIz were analysed
for carbon only, to show the general form of the decarburis—
ation kinetics.

Distin found that small quantities of CO were released
as the cast samples solidified and that the oxygen content of
this gas had to be measured and ad”ed to the oxygen content of
the s0lid metal. His method of casting the sample in a
separate vessel and determining the CO gas released in that
vessel was modified in some details.

Nickel drops broke up when cast into alumina powder and
a simple split steel mould was used instead, with a sleeve or
'funnel'! of copper foil to catch splashes of ligquid metal.

The principle of converting the CO to 002 and absorbing this
gas for weighing was taken from the fusion method of analysing
for oxygen {Section III: 6c). Figures 18 & 19 show the
arrangement and details of the casting column.

The plug valve was permanently attached to the outlet

from the levitation céll but the column could be swungaside so
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that pellets could be raisecd into the colil. While the drop
was being held for the first minute in helium, the column
was flushed out with argon. Just before the sample was

due to be cnst, the outlet tap of the column was closed,
allowing a slight pressure of argon to build up. The plug
valve wns opcned and closed quickly, shutting off the power
by means of the micro-switch, The gases in the column were
then flushed out for 8-9 minutes by argon at 400 ml/min. to
the copper oxide furnace and soda-asbestos bottle, as in the
method for oxygen analysis by fusion. The 'Blank' for this
method with only argon flowing through the apparatus was

0.0001g

[

602 or less.

(¢) Results: These are shown in Table 12 and Figures 20 a-e.
The timcs of the boil were noted visually and later checked
by messuring the deviations from. the smooth curve on the
temperature recGwords. The relation between the deviations
and the progress of the boil was found with the aid of high-
speed filming and will be described later. Generally the
times for the start of the boil measured on the temperature
records were about one second less thon the visual estimates.

These starting times varied fairly widely in cach series:-

T (No boil observed)

Iz 75~84, average 79% secinds
I11 33%-39, averare 35%

Iv 15-16%, average 16

v 8%-10, ~verage 9

Plotting the oxygen dontents on the normnl time base gove

scattered polnts for the later samples. These contents ap~
peared to be related instead to the time from the start of
tﬁe boil and plotting on thils base gave more consistent
curves. Filgs. 20b - e include these curves whose time

bases start at the average times for the start of the boil.
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Table 12: Oxidation of Nickel-Carbon alloy drops by flowing Oxygen-Helium

mixture. (See also page 70b)
Note: All times arec given in seconds. "Time of Boil" was measured on
temperature record. e End of rcaction (sample cast) Ev'd = evolved.

{(i.e. oxyger :volved in the form of CU frou solidifying sample)

Brackets indicate approximate figures.

Series No. I 11
po2 atm. 0.02 0,06
Gas flow 2 2
litr/min 0. 58%
Initial %C 2.383
Time g? zTime o i 9% é. % O
totay iTotal;3011} wvtd Total
10 { 2629 i ]j.a ’ :
13 2.30 20 - 1.82 - -
20 2.22 40 - 1,29 - -
30 2.15 60 - 0.55 - -
60 1.83 7O - Oulsl = -
120 1.41 75 - 0.2k - -
150 1.08 85 (80) o0.02 - -
180 0.77 IIb
240 0.29 30 - - <.003 0.010
300 0.03 45 - 0.94 0.004 -
69z - - 0.016  0.026
7t - 0.29 - -
77 - - 0.012  0.037
79 - 0,27 0.007 -
80 76%/79 -  0.003 0.13
83 - - 0.007 0.017

84 80/83 - 0.020 0.12
854 79/82% -  0.00  0.19
86 - - 0.00 0.02
86 78%/82 £.,003 0.28
88 81/84 - 0.032 0.27

92 81/86 - 0.023 0.31
97 84/88 - 0.032 0.40
100  793/82% - 0.016  0.69
109  75/79 - 0.00 1.00

* Average of 4 analyses: 2.34, 2.39, 2.41, 2.39 , -

Average times of 'CO Boil': I: none observed II: 79%-822 sec.
II1: 535% - 37z sec. 1IV: 16-17% sec. V: 9-10% sdc.




Table 12 contd:

Series noe. II1 I¥ . v
Py atm. 0.12 0.25 0.25
Ga% flow:litr/min 2 2 L
Initial %C 2.08 ¥ 2.08 t 2.08
. - T - : -
To::;ee}}oil %cC Ev'd%oi Total T(l);re:(;i Boil e EEV'QOjTotal 'l‘o::;.l_}eﬂoil e Ev'/do0 Total
112 % - 1.53 1 0.002 1 - TE T2 0007 - N .2y b - 1 -
19t - - 0.007 0.023 | 11 - -  0.00 0.021]5 - - 0.CO0  0.002
20 - 1.08 0.006 - 113 --  0.75 (.00 - 6t - 0.91 - -
20 - - 0.011 0.028 | 132 - -  0.00 0.022| 7 - - 0.CO0  0.026
o9k - - 0.005 0.017 | ik -  0.50 0.00 - 72 - 0.41 0.00 - :J
30 - 0.5% 0.007 - 161 - ~ 0.0 0.027 8 - - 0.00  0.025 =)
35 - 0.-  0.003 0.022 |17% 153/17 0.06 - - 9 - - 0.005 0.032 '
35 - 0,16 0,010 - 184 163/17%4 -  0.00 0.27 | 92 9/e 0.18 - -
362 351/36% - 0.023 O.o2 |19% 163/18; 0.01 0.016 - 10; 8%/e - 0.00 0.09
38 37/ - . 0.016 0.037 |20 161/17% -  0.002 0.76 | 10} 9%/e  0.043 - -
39  33/36% 0.02 0.009 - 2% 152/17+ - 5.002 2,06 | 11 10/e  0.008 - -
L0 35/38 -  0.002 0.32 |26 15/174 - 0.012 2.56 | 11 94/10f - 0.008 0.33
Lo} 35/37 0,00k 0.007 - 11% 83/9% 0.018 ND -
L2 36/39% 0.002 0,003 - 12y 8%/10f 0.008 - -
k5-  39/(42) - 0.00  0.56 13 9/10t - 0,002 1.31
45+  36/(38) -~ 0,007 0.80 15;, 8%/10% 0.002 - -
508 36/(39) - 0.00 1.22 4 hverage of 6 analyses 1.99, 2.03, 2.10, 2.17, 2.08, 2.08
505  33%/36% - 0.012 1.%49
54 - - - 1.62
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The ends of the small black bar in each Figure show the arith-
metic mean times of the start and end of the boil. The meas-
ured oxygen content just before the boil was in the range

0. 03 - 0.04% in each series of experiments

The tompcruture traces were transforntd from a scale
of millivolts to ~ne of degrees and the average of the result-
ing curves is shown. The originol curves werce up to 20°
above or below the=¢ avernges but the pattern of steady
temperaturc rise and the dceviations during the boil were closely
similar for all experiments in any ons scries. The deviations
due to the boil have becn plotted to coincide with the 'avoerage
time of boil' as markced, to show the typvicel nattern of
chanres.

Imrediately after the peak of each boil rcaction the
drop began to oscillate in the coil and the temperature trace
fell. After it had reached its minimum, the trace rose again
fairly steeply as thce oxygen content of the drop increased.
The minimum apparent temperature occurred several seconds
after the carbon had 2ll been removed and the oxygen content
had risen well abovc its former low level. No oxide coating
was seen to form during any of these experiments, even when
the average oxygen content of a drop was well abovec the 1%
level,

(4) High-Speed Films: Cind films were teken of the boil

resction, wit. the 'Fastax' camera mounted close to the
window normally used for pyrometric viewing. The radiation
from the drops gave ample illumination and the lens was

1

stopped down to £/22. The camera was switched on % to 1

second beforc the boil was due to begin.

Film Fo. p02 (atm,) Flow (1/min.)  Frames/sce. ASA film
. 0.25 4 1000 spredey
5 0.25 4 4000. . 250
‘ 1.5 1000 64

6 1.0
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During film No. 4, a temperature record was made with
the pyrometer viewing the top of the drop (through the
alternative gas jet: see Fig. 1). Bvents on the film
could be related through the 0.01-second timing marks to the
temperature trace. Taking the maximum activity as
coinciding with the peak temperature, the comparison showed
that the initial elight rise in the drop temperature occurred
during the first gentle 'spitting' of the drop. The peak,
1j1% seconds later, was the part of the action most easily
seen by the naked eye. This explains why visualestimates of
the time of 'boil' are usuwally a second or more larger than
those made by measuring the temperature traces.

Less than O.1sec. before the first spitting became
visible, ripples could be seen on the profile of the drop.
Measurements on a film analyser showed that these may have
been moving &t about 40 cm/sec. In addition to the.spitting
and increasingly violent ejection of droplets that Distin has
described, the films all showed bright snots of light apvear-
ing as each bubble burst (Figures 22 & 23). These usually
began as almost circular spots, and broke up giving patterns
reminiscent of ripples spreading on water although they were
more uneven and did not form full circles. On film taken
at 4000 frames per second, markings from a single spot could
be followed for as many as 16 frames from the first appear-
ance of the spot, that is, for a time of 0.004 sec. At
the peak of the action the drop was distended to about 1%
times its normal diameter. The reaction subsided fairly
rapidly leaving the drop appearing as it was before the boil.

Detailed sequences of the events during each film are
shown in diagrammatic form in Figure 21. The onset of fine
"spitting® has been taken as a convenient zero mark for each

gequence.



Time in Seconds

1.0

2.0

3.0

Film No. l.to

Ni/C:

Film No. 6.

Ni/C:

First small ejections

BS = Bright spots becoming

prominent as bubbles burst

Agitation, bursts and
prominence of bright spots
increasing

Peak activity: drop
1% times normal size

_Boil subsiding

\Boil virtually over

Fine spitting only

e

End of film

Film No. 12,

Ni/C/Ss

——

Figure 21: High-Speed Films: Details of Boil Reactions in Nickel Alloys

Surface ripples
Isolated small bursts

B.S. and small jets

Drop swelling

Drop 2 times normal size
Bubbles appear as dark
spots, giving brief; bright
flashes on bursting .

Activity and drop size
decreasing ’

Quiescent

Few ripples only. brop
normal size

(End at 3.40 sec)

- 8L -
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Figure 22

Stages of the CO boil in a Wickel-Carbon
Alloy Drop exposed to 02/He mixture flowing
at 2 litres/minute.

p02= 0.25 atm. (See also Tigure 21)

a. Ripples on surface of drop (slightly
irregular profile) a few milliseconds
before the boil began)

b. Typical small ejection seen in the
early stages of the boil.

c. About 0.75 sec. after 'b': 'bright
spots! appearing together with small
ejections.

d. About 1.2 sec. after 'b': peak activity
of boil. Note increased diameter of drop,
campared with 'c¢', and development and
break-up of a 'bright spot!

e. About 1.35 scec. after 'b'. Dboil subsiding.
Hote that ejection occurs at site of 'bright

spot. .

Note that the "bright spots" are more brilliant
in the original films than they appear to be here.
Some contrast is unavoidably lost in photographie
reproduction. .
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Figure 23

a; = as: pO2 = 0.25 atm

Gas flowing at 2 litres/min.
Sequence at peak of boil activity
showing formation and dispersion of

a right spot'.

b: Pure oxygen flowing at 1% litres/
min. Showing agitation and 'bright spots!

at peak of boil activity.
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7. Oxidation of Iron-Carbon Alloy Drops:

(a) General: The experiments were made for direct comparison
with those on the nickel-carbon alloys and particularly to

show when iron oxide bcgan to form in r<lation to the time

of the boil. Oxygcn-helium mixtures were again usced and the
apparatus and experimental method were similar to those already

described.

(b) Results: Table 13 and Figurcs 24 a-c present the
numerical data. The ranges of the starting times of boils,

measured on the temperature records, wore:

I 37% - 40, average 39% seconds.
11 16 - 182, average 173 seconds.
I1I 102+ - 12%, averagc 11 seconds.

Here again the average time of the start of the boil has been
used to establish a time basc for oxygsen contents and
temperatures after that evant.

The boil occurred as two or threc rapid agitations of
the drop in succession, instend of the more uniform increase
and decrcase that was observed for the nickel-carbon drops.
The end of the boil was difficult to idertify on the
temperature records. In Series I many samples gave the
rising curve consistent with increasing oxygen content, with
no clear brezk. In Serics II and III thetrace oscillated
strongly when the boil was over and passed through a minimum
before rising again. The brightcr oxidq phase appecared on
drovns that were held beyond the timc of the boil but was not
seen before or at the start of that event. The average
oxygen content just before the boil began was 0,05-0.06%
in each Series.

(¢) High-Speed Films: TFour films were taken of boil reactions:

T .



No. Pg 1/min. Frames/sec ASA film
8 & 9 0,25 7) 1000 speed £,
10 1" 4_ 11 1"

11 " " 4000 250

Diaphragm setting = f£/22.

Diagrams showing the detailed sequences of events are presented
in Fig. 25. TFrames from the films are reproduced in Fig? 26
and 27.

About 0.05% - 0.10 sec. before the first '"spitting” of
a drop occurred, there was a small but noticeable increase in
the amount of fume being produced and small ripples anpeared
on the profile of the drop. The boil usually began with a
very stromgripple which distorted the drop and led to the
ejection of fairly large droplets. The bubble bursts,
ripples and ejections continued for g short period and
subsided very quickly, This sequence was repeated with
almost equal vigour three or four times, with intervening
periods of almost complete inactivity.

In films No. 8 and 9, with the lower rate: of gas flow,
iron 6xide did not'begin to appear until at least half a
second after the last boil activity. A small bright cap
appeared at the top of the drop and extended "streamers" of
oxide down the siies which broke up and redissolved nearer
to the base. In films No. 10 and11, some bubble bursts
continued as the oxide began to appear. The bursts occurred
at random in both the clear and the oxide-covered parts of the
surface and there were no obvious signs that the surface was
providing nuclei for the bursts.

In general the oxide patches had sharply défined edges
but the bright spots and ripples associated with bubble
bursts had lesg well defined and slighily rougher edges,although

E



Table 13:

Oxidation of Iron-Carbon Alloy drops by flo.dmg Oxygen-Helium mixtitnes

MD: Dot determined Averaje time of 'COboil': I: 395 - 7 (ind
) uncertain)
e: end :f rezction (when sample was cast)
o II: 173 - 20
Ev'd: OCxygen evolved as O from solidfying saiple
o ] o III: 11 - (122)(znd
Brackets indicate approxiwmate or uncertain figures.
uncertain)
Zeries Noe. I 11 111
o atm. 0.12 0.25 0.25
Gag flow: litres/min 2 2 4
Jeight g. 1.56 ¢ 0.02. 1.59 £ 0,02 1.59 % 0.02
initial % C. 2,42,2,44 2.39, 2.4k 2.39, Z.44
Time % %0 Tine e %0 Time e %0
Total Boil Ev'd Total Total Boil wv'td Total| Total Ecil Bv'd Total }
143 - 1.56 0.007 - 52 - 1.72 0.007 -~ 5 - 1.52 0.00 - N4
243 - 0.99 C.022 - 10 - - 0.00 0.031| 6% - 1.28 ND - !
30 - - 0,002 C.041 |12 - 1.0k 0.027 - 7% - - 0.00k 0.037
%5% - 0.35 0.0C - 1%% - 0.76 ©.007 - 8 - 0.83 0.18 -
36 - -  0.0.8 O0.047 |14 - - 0.06% 0,031 9% - - 0,00 0.037
40 - 0.17 0.007 = 16 - 0.54 0.002 - 10 - 0.49 0,01k -
40 (38/e) -  0.02L 0,088 | 162 - - 0,006 0©.051| 10} 10i/e - 0.014 0.0%:8
17 (39/e) - 0,029 0.20 |17% - - 5.006 0,065 ii: 10%/e - 0.019 0,062
. , . S
L4 (40/e) - 0.005 0.:1 |16% 17i/e 0.27 0.016 =~ 117 10%/e J3.33 0.012 =
45 (39/e) 0.01 0.006 =~ 18% 16/e - 0.021 0.091| 12 11/e 0.10 0.009 -
s 39/L3 -~ 0.0C6 0.%1 [19%F 16%/19i - 0.016 ©.115| 12} 114/e - 2,00 Q.28
563 37%/45 - 9.011 0.62 |19%2 17i/19¢ 0,04 0.037 - 13+ 10%/#23% 0.075 0.019 =
474 40/(%3) 0,01 0.011 - 203 17/20 - 0.037 0.13 | 13} 103/(12) =~ 0.011 0.k1
577  (39)/hkfF - 0,005 0.73 |21 174/20% 0.03 0.017 - 143 123/13% - ND 0.71
50 38/(41) - 0.008 1.01 |22 182/20% -~ G.005 .38 | 16 113/12% - 0.004 1,18
26 17%/193 ©0.00 ND -
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Figure 26

Stages of the CO bhoil in an Iron-Carbon
Alloy Drop exposed to OZ/He mixture flowing at
2 litres/min, Py = 0.25 atm. (Seec also

2.
Figure 25),

a. Ripples on drop surface (note rough pro¥ile
on left) a few milliscconds before the boil
began.

bJI__3 Sequence durings first period of agitation,
showing development of a 'bright spot' followed
by agitation nearly dividing drop into two,

c. Large 'bright spot* following shortly after
sequence b,

d. About 1.2 sec. from start of boil; activity
subsiding, but one large jet forms.

e. Barly stage of iron oxide formation, about
2.2 sec. from start of boil. Note that more
fume appears to be prodgced where oxidc 18
present.

f% ILater stage of formation of oxide coating,

about 3.1 sec. from start of boil.
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Figure 27

a. Iron-Carbon Alloy Drop in OZ/He flowing
at 4 litres/min: p02= 0.25 atm. (1000
frames/secc). About 0.4 sec. from start of
boil = 'bright spot leadins to Jjet of
droplets.
b. Same film: about 1.65 sec. from start of
boil. Oxide networlk on upper part of image
(partly cut off by viewing port). 'Bright
spot' also appears, anparently unconnected
with oxide, and leads to formation of a jet.
C4=Cx Conditions as in a & b but filmed at
4000 frames/scc. Sequence showing formation
and dispersion of a 'bright spot' at peak of
boil activity (about 0.95 sec. from start of

boil).
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the luminosity of both phenomena was roughly the same.

)

8, Oxidation of Alloys containing Carbon and Sulphur

(a) General: Sulphur was agded to show whether any of

the behaviour of the nickel-sulphur alloys would be repeated
and particularly whether the oxygen content would show an
early increase. It was also possible that the decarburi-
sation rate might be changesd.

Samples were made up as before but 0.7-0.75% S was
adéed in the form of crushed crystals. The oxidising gas
in all experiments was an oxygen—helium mixture with p02=
0.25 atm., flowing at 2 1/minute.

(b) Nickel alloys: The 26 experiments of Series A were

made for carbon and sulphur analyses only and were cast
into the copper cup. Tater the seven experiments of
Series B were made with samples from the same powder
mixture; the four of these intended for oxygen analysis
were cast into the argon-filled column. Experiments of
Series C were madec to provide additional data on oxygen
contents just before the boil. Results are shown in
Table 14 and Ficure 28,

Lines representing carbon depletion in nickel-carbon
and iron-carbon drops under similar conditions have been
entered in Fig. 28 for comparison. It appears that carbon
depletion was a little slower when sulphur was present and
that there was a slight change of rate after about 6 seconds.
Although a horizontal straight line should perhaps be drawn
throuzh the sulphur data up to ths 20-seconé mark, the
trends are consistent enough to indicate a slight minimum
in the curve at about ¢-8 seconds. The slow increase in
the sulphur content, after that moment can be explained as

a 'concentrating' affcct due to the loss of carbon and metal
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vapour. The weights of the cast samples when multiplied
by their sulphur contents give a reasonably constant figure.

Temperatures and the later oxygen analyses have becen
plotted as described in Section IV: 6 & 7.

The boil differed strikingly in its appearance from
that of the nickel-carbon boils. The drop became dis-
tended to a seemingly smooth sphere considerably larger
than the original diameter and remained this way for a
second or longer. There was a spray of very fine droplets
during this time but none of the strong egitation or ejection
of large droplets obgserved before in nickel-carbon or iron-
carbon boils,

In a high-speed film taken of the boil reaction at 1000
frames/sec (Fig.29) a !'froth' of bubbles appeared as the drop
began to swell, These bubbles were less bright than the
rest of the metal and held their form for several frames
before bursting. At the moment a bubble burst a bright
flash of light was seen similar to those reported for
Ni/C and Fe/C alloys but lasting for only one frame (0.001
seconds). Ags the action progressed, the bubbles merged
and became larger. The convex profiles of the bubbles
could be seen at the edges of the drop image. At the
peak of the boil activity, the diameter of the drop was
almost twice its original size. The general appearance
was reminiscent of frothing in a rather viscous fluid but
there is nothing in the composition of the raw materials to
indicate that a slag could form, When the boil subsided,
the appearance of the drop was again that of a smooth and
clean metal surface. The diagram representing the sequence
is included in Figure 21.

(¢) Iron Alloys: Samples of both Fe/C/S and Fe/C alloys

were decarburised in random order during the same seriesg of
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Table 14: Oxidation of Nickel-Carbon-Sulphur alloy drops in a

flowing Oxyqen-Helium mixture p02= 0.25 atm.,
SERIES 'A Gas flow = 2 litres/minute
Time: seconds Time:seconds Sample wt.= 1.60 * 0.029.
% %S o 9%C %S
Rotal Total Start of
exposure exposure boil
o} 2.45 =~ 10% - - 0.479
o} 2.47 - 122 - 1,26 -
o} - 0.459 13% - - 0.478
0 - 0.502 163 - 0.99 -
o} - 0.472 17 - - 0.49%4
1% - 0.484 | 19% - 0.61 -
17 2,30 - 204 20 - 0.500
3% 2,16 - 204 - 0.50 -
5% - 0.470 | 22 211 0.36 -
5% 1.96 - 22% (20%) - 0.337
7% 1.77 - 22} (18) - 0.420
8 - 0.472 2k 211 0.15 =~
10 1,50 -~ - - - -

SERIES 'BY

Time:sec. %3 % Oxygen
Total exposure Start of Boil Bvolved Total
7% - - 0.011  0.036
11 - - 0.005 0.037
13 - - 0.011 0.08
14 - - 04000 0.030
16 - - 0.000 0.023
163 - - 0,002 0.043
17% - - 0.005  0.022
20 18 - 0.002 0.28
212 18 - 0.016 0.47
227 183 - 0.016 0.68
233 18% - 0.000 1.00
23% 18% 0.400 . -
2k 19 - 0.006 0.74
27 19 0.257 - -
304 174 0.093 - -

Average time of start of boil: Series A 201 seconds. Series B 18 second..
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Figure 29

Nickel~Carbon-Sulphur Alloy Drop in O,/He
flowing at 2 litres/min., p02= 0.25 atm.
(Sulphur = 0.5% apvrox.).

a. Drop swelling and bubbles apvearing, about
0.65 sec, from start of boil.

b. About 0.75 wec from start of boil,

c. Peak activity about 1.25 sec. from start
of boil: 1large 'bright spots' as bubbles
burst.

d. Seguence about 0.2 sec., after 'c¢' showing
bursting of largce dark bubble, Note that
bright 'ripvples' quickly vanish.

e. Boil subsiding, few bubbles present;

about 2.3 sec. from start.

f. Drop at aboult normal size, 2.55 sec from

start.
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experiments, so thsat an exact comparison of thc reaction
rates could be made. The experimental method was ag already
described.

Table 15 and Figurec 30 show the results. Fere agoin
the points for the samples that containcd sulphuf show that
there was a slicht change in decarburisation rats at about
6 seconds and that the sulphur content probably went
through a slight minimum at about the sam: momoent.

| Ihe appearance of the boil was similar to that of the
iron-carbon alloys: +the drops did not swell up in the saume
way as the nickcl-carbon-sulphur alloys had donc. A high-
specd film (No. 7) showed that the moximum diameter of the
drop was about 1.6 timcs ite originzl size but the shape
was distorted instead of bcing sphcericel 2nd the action
was shorter than that with thoe nickel alloy. The diagram
ghowing the Sequénce of events in the fiilm is included in
Fig. 25, and frames arc reproduccd in Fig. 31.

No oxide was recorded on the film but it is probable
that the film endcd just before oxide began to avpear and
that thoe moment of first amncarance of the oxide was not
significantly later than in experimecnts with iron-carbon
drops. Dircet obscrvation of drops containing sulphur
showed that tho boil occurred after 21-22 seconds of
oxidation and that there was an accumulation of oxidco at
the base of the drop atv25 scconds.

9. Additional Data on Decarburisation Reactions

(a) Extent of Oxidation of CO to COZ: No flame of burning

CO was seen in any of the experiments but measurcments
were made to determine how much secondary oxidation had
occurred.

With the opparatus shown in Fig. 34 thc gascs could

be collected during a decarburisation experiment without
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Table 15: Oxidation of Iron-Carbon and Iron-Carbon-=Sulphur Alloy

Drops in an Oxygen-Helium lixture

p02 = 0.25 atm., Gas Flow = 2 litres/minute
All times in seconds: '"Total! refers to time in Oz/He
‘ i
Fe/c ! Fe/C/s
Time Time ~ Tine f Time % Oxygen
Total Boil %g Total Boil %E Total Boil %§ V Total Boil Evoid. All
Start Start Start _ Start._ .
Y - .2.k1% O - 2.60; 0 - 0.745 0 - __0.00 0.033
o] - 2,374 © - 2.59| 0 - 0.73! 0 - - 0.042
23 - 2.074 © - 2.541{ 0 - 0.74( 5 - 0.005 0.029
5 - 1,72 13 -~ 2.40 1 &4 - 0.71!14% - 0.002 0.083
54 - 1.628 23 - 2.30!13 - 0.68{17%4 -  0.009 ©0.062
10 - 1,168 3% - 2.21) 214 - 0.71)20% (20) 0.009 0.081
143 - 0.50) 4% - 2,071 235 20 o.71l214 -  0.017 0.063
17 ? O.14ll 7 - 1,87 | 2% 20 0.6822% ? 0.007 0.056
18 16 0.01f 15% - 0.84 | 261 (20) 0.73 |24t 224 0.025 0.87
18+  (18%) o.o7ll 192 (18%) 0.30! 29 18% 0.765 2584 21F 0.007 0.97
202 163 0.03§ 232 21 0.22 27% 213 0.002 1.13
212 18 0.01}] 24% (20%) 0.15 291 (20) 0.00 1,87
258 20 0,15 31} 212 0.007 2.11
252 20 0.18
267 20% O.1k
:
Average time of start of boil: Fe/C drops 17+ seconds

Fe/C/S drops 20% seconds
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disturbing their pressure or flow-rate. The pinch~cock at
G was 2djusted to make the registance in the line the same
as that in the other line to waste at T. Because only the
ratio and not the absolute volumes of CO and 002 were
required, the collecting vessel was merely flushed out with
helium before each test. During the decarburisation experi-
ment, the gases flowed through the collecting vessel and to
waste at F. Just before the boil was due to begin, C was
opened and D closed. After the samnle had been cast, the
levitation cell was purged with helium, The gases in the
collecting vessel were then flushed by a stream of helium
at 400 ml/min. through the absorption'train. Regults are
shown in Table 16.

(b) Errors in Oxygen Contents of #Column-quenched" Samples:

Data in Table 15 showed that 0.0%-0.04 % oxygen was measured
in two samples that had been exposed to helium only and then
cast in the argon-filled Pquenching-column®, It was import-
ant to test whether these figures constituted a "blank" that
should be deducted from all oxygen contents.

The time available for purging the column was about
1+ - % minute longer than the tim:¢ each specimen was held in
helium prdor to oxidation, which was usually one minute.
Although the argon flowed at 1 litre/minute, it appeared that
enough air might remain at the time of casting to oxidise the
drop slightly (although all cast samples were freec of oxide
colours). Some samples were therefore held for 2 or 3 minutes
in helium so that the column could be purged for longer times.
Tests were repeated with the samples cast into the copper cup
within the levitation cell. Some drops were additionally
exposed to hydrogen for a few seconds after being melted in
helium, to ensure that they were initially oxygen-free.

After a review of the first results, addational tests
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were magde in which the reaction was terminated by switching
the gas flow back to pure heliumj; the sample was cast
after 5 seconds in the helium to avoid oxidation during
cooling,

Results are shown in Table 17.
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Table 16: Proportions of Carbon Dioxide to Monoxide in Gases evolved

during decarburisation tests

"% CO convtd" = % converted to CO2

Brackets indicate approx. figures.

Alloy p, atm. Gas flow Temperature °c Ratio % CO convtd.
2 litr./min. Range Mean COZ/QO
Fe+3.9C 0.12 2 (1750-1830) (1810) 0.755 36
(1710-1810) (1790) 0.55 36
(1710-1795) (1780) 0.59 37
ditto 0.25 2 (1710-1855) (1810) 2.95 75
1710-1850 1810 2.21 69
1705-1850 1805 2.59 72
ditto 0.25 L 1670-(1820) -~ 0.82 45
1700-1830 1760 1.é5 56
1685-18i0 1770 1.01 50
Fe+2.5C+ 0125 2 1725-1865 1825 2.42 71
o8 1725-2870 1835 2.75 73
1695-1860 1830 2.59 72
Ni+2.4C 0,02 2 1775-1825 i805 0.42 30
1750-1820 1795 0.47 32
ditto 0.06 2 1805-1860 1845 0,86 46
1805-1860 1840 0.79 Ll
ditto 0.12 2 1790-1895 1875 1.38 58
1800-190C 1880 1.47 59
ditto 0.25 2 1790-1975 1920 4.9 83
1795-1975 1925 4.2 81
ditto 0.25 4 1770-1975 1905 2.40 71
1770-1975 1910 2.52 72
2ig§.4€+ 0.25 2 1815-2050 1990 7.8 89

1820-2055 2005 8.9 90
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Table 17: Comparison of Casting Methods etc. for Metal-Carbon

Alloy Jrops. (Oxygen contents)

Part A: Iron-based alloys

Pre~treatment
lethod of Tinme in . . ——— : ~
1 minute in 3 minutes in 5 seC. approx.
i Heliun in H_. in in He
Casting Oé/He Helium elium in H, &3 min in
(o] 0.000 0.012 0.000
copper cup
. 0.003 s 0.000
in levitation
vessel
10 0.084 : 0;032 0.013
15 0.026 0,035 0.033
50-026 s 0.035
0 0.033 0.035 0.052
Steel mould in
0.047 0.039 0.047
Argon=-filled
10 0.027 0.083
column
15 0.047 0.040 0,020
s 0,046 0.036
0.061

s: Fe/C/S alloy

All others are Fe/C alloy



Table 17: Couwparison of Casting bMethods etc. for letal-Carbon alloy Drops

(Oxygen contents)
Part B: DNickel-based alloys.
Note: All sangles held for 2 siinutes in ilelium before exposure to 02/He mixture

Nugbers on left are times cf exposure to Bz/He in seconds.

Copper cup in levitation vessel Steel mould in hArgon-filled column

|
i
Cast in Oz/He %Cast after additional 5 sec. in helium | .
54 s 0.000 ¢ O 0. 000 | 0 0.028
9% s 0.009 , 5 s 0.000 ; 11 s 0.037
143 0.007 : 5% 0,000 ; 14 s 0.030
144 s 0.012 ; 10 s 0.000 E 14 0.036
15 0.009 ‘ 10% 0,000 | 144 0.026
15 5.000 | 14k 0.000. i 14% s 0.023
15 0.305 ; 143 s " 0,007 : 15 0.033
16 0.007 * 15 0.013 , 16 s 0.043
i 163 s 0.000 % 17% s 0.022
{

= 980T -~

st Ni/C/S alloy
All others are Ni/C alloy
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V METHOLS FOR MASS TRANSFER CALCULATIONS

When the rate-controlling step of a heterogeneous
reaction is to be identified, it is important to compare the
observed flux of a measureble speciecs with that calculated
from theoretical principles. This section sets out the
principles that will be applied and describes expcecriments

transport
in which empirical constants needed for the gaseous-é :
expression were determined. Nomenclature is explained in

Appendix 1.

1. Empirical Correlation of Data for Gaseous Mass Transfer

A purely mathematical analysis of the flow and convection
processes around a heated sphere would be extremely complex.
The model presented by the Boundary Layer Theory must be
supplemented by empirical methods.

The theory gives the well-known expression for the total

flux of A during ocounter-diffusion of species A and B:-

by
N, = ak 1 - (1-8)p, |
A g SR AN ED

W
°

1 - (1-8)p,° |

i

(1-8 ) RT
where N, =-pN;

The problem is then one of obtaining a theoretical value

mass Eransfer Dyn
for the &iffusion coefficient, kg= e The diffusivity
D can be calculated from known properties of the gases but

AB
® § " cannot be measured or calculated independently.

Several workers have shown how empirical expressions
from the field of chemical engineering may be applied (1,4,5,
21-25). The approach of Steinberger and Treybal (51) has
given the best agreement with observations. These workers
studied the solution rates of benzoic acid azpheres in flowing

liguids and correlated their results, in addition to numerous
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data by other workers on analogous systems of gaseous flow,

by equating functions of dimensionless quantities:-

Sh = Shd + Shn + Shf
where Sh = Sherwood Number (see Appendix I)
Shd = contribution of radial molecular diff-
usion.
ShIl = contribution of natural convection, due

to a temperature difference between the

sphere and the gas;

Shf = contribution of forced convection, due
to the imposed flow velocity of the gas.

These terms may be expanded:-

k e = 2.0 + % (EE.SO)O'Z5+ nRe

0.62, 0,3%1

} Se

g D
-TAB

eee (2
where d = diameter of sphere,lcm. V?
n is a constant (S.& T.obtained 0.347)
The other dimensionless quantities are defined in Appendix 1.
The literature sources for the gas properties and the methods
of ecalculating values for binary and ternary mixtures are given
in Appendix 2.

Although there is some doubt whether these three modes
of transport do in fact operate independently and additively
(52), Steinberger and Treybal showed that their expression
fitted the experimental data with an averége deviation of
only 3%, in the range of Reynolds Numbers in which we are
interested.

2. Determination of Empirical Constants

(a) Principles: Distin (1) and Forster (5) redetermined the

value of ''m" for +the flow conditions in their levitation
vessels. They measured the rates of weight loss from
naphthalene-coated metal spheres, with the size, location
and gas flow similar to those in levitation experimentsg.

At room temperature, the natural convection term in equation

(2) was zero, so that:-



g
Sh - 2 = n.rel 2 oo (3)

S s AT

0.3 0.62

Plotting the termSSn the left against Re gave a straight

. : . mass transfer
line of s"ope 'n", passing through the origin. The éiffusion
coefficient "kg" used in calculeting "Sh" was derived from the

rate of the weight logs, dw/dt (g/s.):-

N = -1-—--dW = T

NP thp TT feg- 0% - P

which follows from equation (1) when B = zero and Py
(i.e. pNP) is very small. In this expression, "ps” is the
vapour pressure {(atm.) of naphthalene in equilibrium with the
s0lid at temperature T(°%) (53).

Both Distin and Forster assumed that"pb“, the partial
pressure in the bulk gas, was zero but it will be shown that an
allowance should be made for the vapour present there.

(b) Experimental Results: The writer's deta, with a sphere

representing a 1.5 g. metal crop and argon as the carrier gas,
appeared to lie on a curve instead of a straight line (Fig. 33%).
This suggested that the exponent of "Re? and perhaps of #Sc¢?
might need to be modified.

The experiments of Steinberger and Treybal wvere made in
cylindrical tupes. Reliable correlations which were not
affected by the ratio of sphere to tube diameter wercobtained
only when a "Sphere Reynolds Numbexr?, Res, was calculated from
the average flow velocity in the tube, In the writer's
levitation vessel, the Reynolds Number was based on the gas
velocity in the supply jet, as this was the only velocity that
could be calculated. Now, the gas stream impinges on the
top of the sphere but velocities at other locations would be
lower and it is reasonable to suppose that the exponent
originally determined for-”ReS" would not be appropriate here.

.
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The Schmidt Number, Sc, is the ratio of dynamic
viscosity to diffusivity of the gas and should not be
affected by this argument. Colburn (54) proposed an
exponent of % for "Sc" in mass transfer correlations and
this has been widely followed in standard texts. Stein~
berger and Treybal commented that their experimental value
of 0.31 was within one standard deviation of Colburn's
value. The exponent of % has therefore been retained in
the following treatment.

From equation (3):~

log Sh -2 = log n + q log Re ... (4)

where "q" is the exponent of Re, to be determined.
The transformed data shovld give a straight line of slope
"g" and an intercept "n¥ at Re=1. Because we are dealing
with dimensionless quantities, data for all carrier gases
should lie¢ on the same line, provided that the expression
adequately represents the conditions. A few additional
tests were made in helium and air to test this.

Figure 34 shows that a single line cannot be drawn
for all of the gases. Although the points for air and
helium are few,'it appears reasonable to draw lines of the
same slope through themn. In the following section an
important reason for the inadequate correlation is considered.

(¢) Diffusivity of Naphthalene Vapour

Diffusivity data for the vapour in various gases are
lacking and only an expression for the diffusivity in air
has been found (55). Several empirical methodslfor |
calculating values have been proposed (56-58). Reid and
Sherwood, in the second edition of their text (57b) reviewed

these methods and favoured Hirschfelder's 'theoretical! method
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(56) which utilises the Lennard-Jones potentials and collision

integrals for the gases.

Even here, the potentials for the

vapour must be estimated empirically from critical or molar

volumes (57b).

by various methods.

Table 18 shows diffusivity values calculated

Table 18: Diffusivity of Naphthalene Vapour in Various
Gases at 2500. (cmz/s.)t

Method Ref, Ar Air He H2

Hirschfelder 56 0.056 0.064 0.284 0.28

et al.

Wilke & Lee 58  0.056 0.0633 0.154 0.26

Reid & Sherwood 57a 0.057 0.0655 0,248 0.36

(1st. edn.) .

Mathers et al. 55 - 0.061 - -

Values of 0.056 and 0.064 cm2/s. were accepted for

argon and air respectively.
of points were calculated for
0.20 cm2/s,

(d) Constsnt and Errors: The

Fig, %6 gives g = 0.76. The
for helium gives a line close
taken as representing all the
value of n = 0,28, Then for

in the levitation vessel:-

k.. @4 =

g e s e

D

2.0 +
AB

For helium, separate sets

diffusivities of 0,28 and

slope of ﬁhe argon line in
higher estimate of diffusivity
to that for argon, which is
data; its intercent gives a
metal drops of similar size
)02

#(Gr.Sec + O.28Reo'76800'33

... (5)

The uncertainty in the last term, measured ag the gap be-

tween the argon line and that

for air, is about 25%.. The

error in 'kg' depends on the magnitude of the last term

relative to the other two.

With gas flows of 1-2 1/min,

it is about 5-8%. rising to 15% at 8 l/miq.
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(e) Discussion of the correlation: It is possible that

Steinberger and Treybal's expression does not take all
relevant variables of the levitation system into account

and that "n" is not a true constant. Distin found that

"n" varied with sphere diameter. Forster obtained different
values of the "constant!" with different gases and the writer's
data show the same effect when other effects have been
compensated. The diffusivity data for naphthalene are not
the sole source of error, since Figure 35 shows an
appreciable difference between the lines for argon and air,
in both of which the diffusivity of the vapour is known with
reasonable certainity.

Ingebo (67) studied vaporization from spheres at temp-
eratures up to 1000° and included the Peclet Number = (ReSc]
in his forced convection term. When the present datawere
plotted as log(8h-2) against log(ReSc), the correlation was
not improved and the best line that could be constructed did
not pass through the origin as required.

Expression (5) can however be used with the stated
accuracy within the experimental range of Reynolds numbers.
Extrapolations would be subject to unknown errors.

3. "Bulk Pressure" of a Reactive Gas

The model that prcvides the basis for expression (1)
assumes the gaseous phose to be infinite in extent. The
partial pressure of a component at the "bulk gas" end of the
diffusion gradient remsins the same as its value at the point
where the gas flow enters the system and is not affected by
utilisation or production of the component by the reaction.

The volume of the levitation cell is, in contrast, very
limited and changes in the composition of the gas stream (the
"bulk gas®) may be large. We cannot assume that the value
bl?

of "p for a reaction product remains at zero. Calculations
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must take account of the accumulation of the product in the
gas stream and the consequent decrease in its concentration
gradient between the gas stream and the reaction interface,

Mathematical analysis of the complex conditions in the
levitation vessel is not practicablé but a simpler case of
changes in gas composition during flow across a flat inter-
face has been worked out by the writer (Appendix 3).

For equi-molar counter—diffusion of a reactant A and

a product B:-

Total flux of B, Ny = -N, XBS {exp (‘;Z ) - 1 } . (9)
t
where Z = Pkg/RT
Similarly, for the absorption of A from a mixture with an
inert gas:

N, = N (x,t - x,®) [exp (:%i-) - 1] ... (10)
provided that XAi, the mole fraction of A in the gas supply,
ig much smaller than unity.

A simpler approach is to assume that "pBb" varies
linearly from its known value at the inlet to its calculable
value at the outlet, For instance, if "pBb" ig initially

zero, its value at the outlet is:

by _ N

(pB max., ;B, .
N r” r
T
NB . in _ NT‘
= since NA = -Ng
Ny
Then, the mean value: "
= Ny
PB/av e
ZNt

Also, from équation (1), in the case of equi-molar counter-

diffusionz:-



Addendum to Sectlion 3:

The data of Fig. 33 were plotted without this
correction so that direct comparisons with the curves
of Distin and Forster could be made. The resulting
inconsistency between Figs. 33 & 34 is small and does
not affect the form of each curve or the argument
applied since the average bulk partial pressure of
naphthalene was only about 10% of the vapour pressure
at the solid surface at low flow rates and about 5%

at high flow rates.
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r _ b S
Ny = -aZ ( Py, - Pg)
~NE* p ' 735 T s
3 = MB ! —_ p:SB = . NB - pB
a% 2N, I

where I is total flow in litres/minute at 25°C.

r 1 135 S
N ot + P ...(11)
B ( aZ I ) B

A similar expression can be worked out when a component is

being absorbed from the gas supply.
I s
If expressions(9) and (11) are tested with numerical

values typical of conditions in levitafion experiments,
the diffenences between the alternative values of "NB" are
smaller than 1.5%.

The extent of the error where diffusion is not equi-
molar has not been worked out and the application of the
above réasoning to spherical drops is subject to unknown
errors.l Nevertheless, the simple procedure of calculating
the arithmetic mean value of the "bulk"” partisl pressure
appears to be a step in the direction of reducing the errors

transport

and is employed in all calculations of gaseous é+ffusien in

this th981s, 1nclud1n thOSP for the naphthalene sphere

experlments. in the reviseo correlation (Flg. 34).

4. Transporf in the Metal Thase

Where atoms of a solute B are being transported by
diffusion and convection through the hypothetical boundary

layer of a liquid metal, the flux is expressed as:

b s
Ng = -ka (2B - B ceu.(6)
v Vv
mass trans r
where km’ the &dffusion coefficient of B in the metal
phase, = DBzm cem/s.
6

This can be transformed to give:
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%El P 2 ([ij - [BZE") ve e (7)

where [B] is the concentration of the solute as a percentage.

tramsport
When é&i£fusien out of the metal phase is the rate-

W

controlling step, it can usually be assumed that [B}S =

zero and the rate is a first-order function of the "bulk"

concentration:
d[BI - p.ak
= m m 418
at " - [3]
By integration:
Ln Eg,ju — o ak
[B]2 mW m (‘t2 - 'b1) ... (8)

where fB)1 is the bulk concentration of B at time t,, etc.
Mlotting [B] on a logarithmic scale against a linear scale
of "t" then gives a straight line. The same is true for
any process that has first-order kinetics and does not

transport
apply only to &iffusion in the metal phase.
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VI DISCUSSION

1. Reduction of Metal/Oxygen Alloys by Hydrogen

(a) Rate~control by Gaseous Diffusion Step.

The early results s~owed, despite their scatter, that

oxygen was removed from nickel much more rapidly than had

been sup-osed and that the reaction rate was dependent

upon the rate of hydrogen flow. Ixperiments with the

high~oxygen samples confirmed that the rates were linear

or very nearly so, down to fairly low‘oxygen levels.

From the data of Wriedt and Chipman (68) for the
reaction:. H + 0 = H,0
> (8) NiLg 20 (g)
the ratio (py 5 / py )= 148 [0] at 1625°. Since
» 2 2 . .

3 N S i
(szo + pH2)S 1 atm., szo is close to 1 atm. and the

concentration gradient of water vapour in the gas bound-

ary layer is virtually constant until [0] is less than

about 0.05%. A steady flux of H,0 is therefore expected.

At 2000 - 2060°C, as in the tests with the high-oxygen
samples, (py o’/Py )g = 18 [0] and divergence from a

2 2
steady filux of H,0 should become evident when [0] is

about 0.5%,

From iron, the equilibrium constant is much smaller

and Wriedt and Chipman'’s data give a gas ratio equal to

2.4 [0] at 171060. At the oxygen saturation level of

0.35%. (and also in the presence of free oxide, whose oxy-

gen activity is the same as that of the saturated solution)

s
PHy0 T T
vapour is not expected. For the comparison of the

theoretical and observed fluxes in experiments with iron

drops (Table 19), calculétions were made for~the oxygen

level of 0.35%.

The observed reduction rates for nickel were below

= 0.46 atm. only. A steady flux of oxygen or water
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thiose predicted (Table 19), sven when the effects of
water vapour in the "bulk” gas were allowed for. The
theoretical fluxes are believed to be realistic. The
"naphthalene sphere” experiments showed that some
uncertainties remain in the constants determined for the
Steinberger and Treybal expression and hydrogeh was not
tesfed in those cexperiments. Even a fairly wide devia-
tion of any data for hydrogen fr-m the argon‘line'éhould
not affect the total Sherwood Number and thus the value
of 'kg' by more than a small fraction. .Such errors should
be smaller at lower flow-rates but the theoretical fluxes
" agree better with those observed atthe higher flow-rates.

The p01nts for iron dronovat the lower rate of gas

flow appear to. flt a stralpht line, in spite of the exp-
concentration
ected dependence qf the &-ffusion gradient upon the oxygen
content of the metal. This is perhaps fortuitous and
results from the known errors in timing and casting
technique. The line may then represent an "average" of
thg curve thét éhould appear and its slopeVWOﬁid}propably
be smallef than that calculated for 0.3%5% Q.‘Z Thi s may
partly expléin the very low flux ratio of 0.33.

At present no further explanation can be offered for
khe high predictions for the theoretical flux. T&pical
calculations have been independently checked. ‘Errors in
any ome of the many quantities entering into the'caiculation
of "kg" should have a relatively small effect on the result.
The diffusivity alone has a ﬁajof effect. This was calcul-
ated by the method of Hirschfelder et al (59, 57b) and
\éave:-

Dy jmo = 80 em?/s. at 1100°K,

27772
10.8 em®/s. at 1315°K,

these being the extremes of "film temperature® in the



Table 19:

Reduction of Ni/O and Fe/0 drops in Hydrogen

Calculation of Fluxes

N.B. Brackets indicat approximate figures, based on fes or scattered data.

Ni: low initial %0 Ni: high %O | Fe
H,: litres/min 2.5 5 8 ‘ 8 10 “ ‘2.5 5
Ji o ge 1.84 1.75 1.75 ' 2.0 2.0 n 1.79 1.79
Av. Temp. °C 1625 1625 1625 | 2000 2.60 f 1710 1710
T, °k 1100 1100 1100 | 1285 1315 i 1140 1140
NHZ (mol/s) x 10° 1.70 3.40 5.45 | 5.45 6,80 1.70 3.40
-afof/at  (%/s) 0.35  (0.5%) 0.8 | 0.93 1,06 , 0.11  (0.33)
NHzO exptl. (mol/s) x 109 0.k (0.55) ©0.87 | 1.16  1.33 ’ 0.12 (0.37) IS
% utilisation 24 (16) 16 21 20 7 11 If
Calculations of Theoretical NH o i
(i) Assuming p§'§ Zero; usingzproperties of pure H2 i
kg (c/s) 49 60 71 86 91 ; b7 58
NHZO (mol/s) x 10° 0.99  1.19 1,40 | 1.68  1.75 * 0.45%  0.55%
(ii) Assuming pggf ave. of inlet & outlet values; ‘properties ofsz-Hzo mixture
kg (cm/s) 52 66 76 ok 10% % 49 62
NHzO (mol/s) x 10° 0,82  1.11 1.21 ] 1.59  1.75 ! 0.36  0.50
Ratio obs./theor flux ii| 0.5 (0.5) 0.72| 0.73 0.76 } 033 (0.74)
Notes: * Average of 3 estimates: 0.25, 0.%42, C;9 %/s. + Slope of initial steep part -f curve.

sstimated flux when {Q} = B.35% (see text)
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experiments.

(b) Rate-Control by Diffusion in the Metal.

The evidence for rate-control by gaseous diffusion
down to low oxygen levels implied that the transport of
oxygen in the metal must be much faster than originally
assumed. It is not clear, however, whether slow diffusion
in the metal became the rate-controlling step at any time
in these experiments.

We have seen that curvature of the lines in Figs. 9

for,
amndd 11a can be accounteérét least in part, fe¥ by decreases

in PSHZO' For a given value of kg:—
a{o x[o]
gl e T [0

where K is the equilibrium constant discussed in sub-

section (g). When kK[0] << 1, d[0}/dt oc [0] but when

10 >K[0} > 0.1, the relation is less simple. If the

stfaight 1i£é; in Figs. 10 & 11b do indicaté slow trans-
port in the gas phase with first-order dependence on metal
composition, transport in.the metal must be still faster.
If the slow transport of oxyéen in the metal were rate-
controlling at these oxygen levels, the effect should have
been detected in the low-oxygen samples since the lower

temperature should not greatly reduce the value of km(o)'

© T InTéilther caseé, we can still use the slopes of the lines
in Fig. 10 and 11b to give a conservative estimate of the
value of km(o)’ which is then not less than 0.2 cm/sec.

for nickel and iron. The figure is 7 times largér than
Distin's estimate of 0.0%2 cm/scc. for carbon an ironm,

and 100 times larger than his estimate for oxygen in iron.

(c) The "H,0 Boil®

No boiling action was seon in any drop except the one

that was coated with zirconia particles, where nucleation
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was evidéntly heterogeneous, For a boil to occur, even
under these conditions,; the pressure in the gas bubbles
must be greater than atmospheric. Now, if the drop con-
taining dissolved oxygen and hydrogen were at equilibrium
with the mixture of vapour and hydrogen at the surface at
each instant, the internal "pressure" of Hp0 due to the
solutes would be the same as p:205 at a little below 1 atm,
as long as the oxygen content were in excess of about
0.05%. The boiling action indicates, then, that [H]‘.
must be above this "equilibrium® value.

It follows that the gaseous hydrogen does not simply
react with dissolved oxygen at the metal surface but that
there is a balance between the rates of reaction and sol-
ution, depending upon the specific rates of the two pro-
cesses (note also the "inflation” of the cast samples by
water vapour, p. 42). The number of moles of hydrogen
needed to reach the "equilibrium" concentration while
the oxygen content is in the middle range is of the order
of 1% of that forming H20 at the surface. For the high-
er concentrations inferred, the rate of solution ié prob-
ably still small compared with that of chemical reaction
but is nevertheless sufficient to allow the supersaturated
condition with respect to HZO to develop.

(d)' Interfacial Turbulence.

The film provided evidence of eddying in the surface
and this may have been caused by interfacial turbulence.
Eddies of hydrogen in the gas may remove adsorbed atoms
of oxygen locally from the surface and so cause large
changes of surface tension over small distances and in
short times. These would lead to movements of the metal
itself.

A similar phenomenon is well-known in the chemistry
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of organic and aqueous liquids as the Marangoni effect
“(69). Brimacombe (72, =also cited in 81) observed it

when an aqueous solution reacted with a mercury amalgam,

Mass traﬂéfer rates in aqueous solution can be increased
by eddying due to this effect (70, 71). 'A similar pro-
cess might assist the transport of oxygen atoms to the

metal surface and explain the high value of km(O) above,

2. Reactions between Nickel and Oxygen

(a) Loss of Oxygen from Nickel-Oxygen Drops

The mass transfer expression, equation V:1, can be
simplified when g= zero and the partial pressure of the

reactive gas is small, to:-

—-ak
_ g b S
No = g (py - 1py7)
Now Pg = K [0J2

where K is the eguilibrium constant for| the reaction
2 Qyi,p= 02 (&
It can then be shown that
lo]; - [o], 3200.K

R TS R

Figure 35 shows this function plotted against time. The

. t

slope of each line: dgo}. _  3200K
dat vy W
S 132
where y = a’ + L (see also

Section V),

and the values of Z2 and thus Kg can be calculated. 1if

pob is assumed to be zero, the term 735/L is omitted.

2
Table 20 comparss the observed and theoretical values of
the mass transfer coefficient, kg in place of the fluxes,

which vary with the oxygen content of the metal.
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Table 20: Toss of Oxygen from Nickel-Oxygen Drops

Experimental and theoretical mass transfer coefficients

Series I II ITT

Gas flow: 1/min 1He 2He 3He + 2 Ar
kg theoret. cm/s. 37 43 42

kg exptl. (pb02=zero) 43 33 35

kg exptl, (pb02= av.) 92 41 42

The value of K was derived from data by Fischer and
Ackermann (73) for the free enersy of solution of oxygen
in nickel. The experimental valueg for kg are sensitive
to errors in this free energy value and the choice of this
set of deta is discussed in Appendix 4. The use of a
higher negative value for the free energy of solution
would increase all the experimental values of kg'

If allowance is made for oxygen accunulating in the
gas stream, the values of kg agree well for gas flows of
2 and 5 litres/min. but the discrepancy is large at 1 litre/
min. The situation is reversed if the oxygen entering the
gas stream is ignored,

Distin (1a) found that sulphur diffused out of liguid
iron into inert gases much more rapidly than the theoretical
value of kg would allow and suggested that the reaction of
sulphur with iron vapour might have the effect of steepening

concentration
the &:£fusion gradient. Turkdogan and his associates (78,
79) found that liquid iron vaporised more rapidly when the
concentration of oxygen in a stream of gas was increased.

From Toop's data (2) we may estimate that the writer's
nickel drops would give off about 30 x 10—8 moles of wvapour

per second in an inert gas stream. The fluxes of oxygen

from the drop were of the order of 8 x 10-8 moles per second
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and it is possible that some of this reacted with the nickel
vapour., Calculations made ~s-uming that pSO = zero should

then give the closer agreement for k The pattern of

ot
agreement is inconsistent but the discrepancies are much
smaller than those found by Distin and the occurrence of
reactions with the vapour cannot be regardced as proven.

If the activity of oxygen in nickel deviates negatively
from Henry's Taw (for which Appendix 4 sets out some
evidence), we should write:-

pS02 = .1 20}
where f, is the Henrian activity coefficient

The concentraition gradient would then be reduced (since

f, is less than unity) and the theoretical flux of oxygen

at any time would be corrcspondingly smaller. This would
have the same effect as a reduction in "kg theoretical® in
the comparisons made above and would suggest more strongly
that the experimental ratcs were enhanced by reactions with

the vapour.

(b) Oxidation of Ligquid Nickel: low oxygen concentrations.

The observed fluxes of oxygen were smaller than those
estimated theoretically although allowance wag made for
the depletion of oxygen in the ulk' gas (Table 21). The
following tentativce conclucions can be crawn:-

(i) Utilisation decrcased as gas velocity incrcased (at
constant oxygen concentration) because kg changed very little
as the supnly of oxygen increased.

(ii) Flux ratios were higher for He + Ar mixtures than
for those with He only, although tcmoeratures were compara-
ble. Thig sugsests that interfering reactions, such as
that with metal vapour, might be more effective in helium
although it is difficult to see why this should be so.

Alternatively the calculations of theoretical ”kg" might
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be subjecect to grcater errors for the very light gas.

(iii) If reaction with nickel vapour W important
the discrepancy should be larger at the highor temperatures
but no such pattern is cvident.

(iv) Increasing the partial pressure of oxygen
appeared to increase the flux ratio although the effect
was not uniform across the range (I, V & VI). Here again,
it may be that the additicn of a heavier gas in some way
improved the wrecision of the cstimates.

Another possible scurce of interference with absorption

was the coating of gilica or Wglag' that was seen to form
on some drops (Fig. 16) but it seems unlikely that this
could account for fairly consistent reductions smaller than
3/1 in the absorption rate, or for the higher flux ratios
in the prcscnce of argon. Glen (4) reported that very
thin silic=a coatings on copter reduced the absorption rate
by factors of 20 or more buv that the coatings were removed,
probably by volatilisation, at temperaturcs above 15000.

The writer found that his results were more consistent

when drops had been allowed to heat up to 1750°. Figure

16 b & ¢ shows the thin films beginning to coalcrsce at

an early stag: of the oxidation. The frequent occurrence
of slag as small spots may indicate that no coherent coating
or barrier to absorption remained.

Reactions between nickel and oxygen were investisated
for possible effects of surface activity upon the kinetics,
but mome can be discerned. If the rate of loss of oxygen
from a drop were dependent upon the surface concentration
of a&sorbed atoms, the rate would remain almost constant
down to oxygen levels below 0.05%, since surface covecrage
is thought to be virtually complete above that level.

Similarly, adsorbed oxygen atoms could not constitute a
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Table 21: Oxidation of pure Nickel (los oxygen concentrations)

Calculation of fluxes

L: total flow-rate, litres/minute (inert gases stated)
Jeights: Series I: 1.,8% ge3 A1l others 1.60g.

N: ilotar flux, moles/second.

No. I II 1T v v VI
Po, atm. 0.008 0.008 0.008 0.008 0.020 0,040
L 1 He 3 He 3He+2Ar S5He+3Ar 1 He 1 He
Init. temp 'C. 1690 1640 1680 1630 1700 1700
tax. tenp.C. 1760 1720 1760 1720 1800 1820
T %k 1155 1120 1170 1120 1175 1185
10° x Ng 5.45  16.4 27.2  43.6 13,6  27.2
2
10” x afo] /at 5.13 4,80 9.03 8,92  7.65 19.9
obs vd.

10° x Ng obs‘vde 1.80 2,40 4,52 4,46  3.83 10.0
% Utilisition 33 15 17 10 28 37

kg cn/s. 37 Ll L2 50 39. 39

Ng theoret* x10° h.22 5¢k6 5438 6.82 9320 18.2
Obgﬂvdltheoret. Ny O0.43 0.4k 0.84  0.67  0.k2  0.55

2

* allowing for depletion of oxygen in the "bulk" gas.

Note: pg < 0.0002 atme. when [O} = 0.8% and has been
2
ignored in these calculations.
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barricr to further solution of the gas, since kinetics
would again be govermnd by the surface coverage and thére
is no evidence of this,

(¢) Oxidation of Liquid Nickel: high oxygen coypcentrations.

A

Oxygen cculd not be supplicd to the metal surface more
rapidly than transport procecsses carried it into the interior
of the drop and it is clcar that transport in the gas phase
wag rate-contrelling in all axporiments. This is unexpected
for reactions in pure oxygen. The explanation may be that
the oxygen had to diffuse in opposition to a flux of nickel
vapour which would be high at theee temperatures and may

also have reacted with it in part.

Tor each set of conditions, a minimum value of km(O)

can be calculat.d. The obscrved rate of oxygen absorption
Now [0]®
2 ([0)°- [0]°)’

cannot be measured but we can obtain a conservatlve cstimate

concentration
for k by supposing that the &-ffusien gradlent was nearly

d{Ol/dt, can bc cquated to pak

steep enourh to cause oxide to form. ThenLO]s lies close

to the saturation line on a temprraturec/composition diagram
(Fig. 36). This line was plotted from the data of Bowers (49).
The curves for the temperatures of nickelwdrops, calculated
from the data in Fig. 15, indicmte that the relation of
observed temperature to oxygen content was similar for all
nickel drons levitated in gas mixtures of high oxygen

_concentration. At about 1700 the difference LO]S [O]b
was only 3%0 but although thls gradient was small

no oxide formcd. This flgure was.thereiore uqed in
calculating the valucs of km shown in Tablec 22.

As no oxidc was observed at any time, the true value
of k must be highcr than the maximum estimate of 0.096 cm/s.

This supports the estimates . from the hydrogen-reduction
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experiments, of about 0.2 cm/s. and shows that high trans-
port rates can occur where interfacial turbulence is ab-
sent, for rapid local changes in surface tension are not

expected during the solution of oxygen in unalloyed nickel.

Table 22: Oxidation of Nickel Drops: High oxygen

concentrations
No. iv v vi vii viii ix
po (atm.) 0.20 0.40 0.60 1.00 0.30 0.60
2
L (1/min) 5 5 5 5 5 5
02 Suppld. 16.7 33.3 50.0 83%.3 25.0 50.0

(cm/s)
af[o]/at (av) 0.276 0.725 1.52 2.2 0.52 1.80

Vol. Abserbed 4.22 41.1 23%.2 33 6.75 27.5
(cm>/s)

% Utilisation. /25 33 46 40 27 55
km(min)(cm/s) 0.012 0.032 0.068 0.096 0.026 0.080

Pys. (1900°C) = 7.35 g/cm3 (See Appendix 2)
Drop wt. = 2.00 g. (No, viii = 1.70 g)
Area = 2.0% cm® (Ho. viii: 1.82 cm®)
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Page 133b:  Correction.

The summation to give equation (1) should read:=-

0,(g) = 20 oo (2)

20 = 20, ee o (3a)

§ = §ads '-.(Bb)

§ads +2 gads = SO2 (g) oo (B)

The sum of the sulphur and oxygen contents is high enough
to give virtually complete coverage of the surface at all
times and some form of equilibrium must exist between
reactions 3a and 3b. The "“competition" for adsorption
sites could be stated as the difference between 32 and 3b,
giving equation 3 which étill expresses an important limite
ation to the concentrations of reactants in the gas-form-

ing reaction 4.
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3. Oxidation of Nickel-Sulphur Alloys

(a) ;nitial S5low Desulphurisation: Evidence for Chemical

Rate~Control,

The most interesting feature of the results is the delay
before the steady oxidation of sulphur. This cannot be simply
due to carbon becauss even the 0,06% present in some batches
of nickel powder would be oxidised in less than half the
"delay times® observed (from calculations based on the decar-
burisation experiments). The nickel %gsponge™ used in Series
VI-IX contained only 0,005 %C.

The key to understanding this effect is in the rapid
initial rise in the oxygen content. The data do not show
whether this was in fact linear, as sketched in Figs. 12 a-d
or whether the rate decreased more uniformly to the subse-
gquent linear rate. It is clear however that the steady
rate of oxygen absorption was attained at about the same
time that the oxidation of the sulphur reachelits linear rate.

The strongsurface activity of both sulphur and oxggen
has already been mentioned. The oxidation of dissolbed
sulphur by gaseous oxygen must include an important step
in which adswrbed atoms of the two elements combine on the

surface of the liquid.

The reaction: § + Oz(g) —_— SOz(g) ...(1f

can be regarded as the sum of three reactions:-
0,(g) = 20 e (2)
Sgget 20 = S + 20,44 oo (3)
Soast 2944 = S50,(g) oo (4)

The rate of forming 802 is a function of the relative
forward and backward rates of a2ll these. For reaction (4),
the rate equation is:

i - - '
gé%} - ak ‘[S] ads»[dFads

where k' is the rate constant.
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In the very early stages of an experiment the metal
contains virtually no dissolved oxygen: [O]ads is very
small (by equation 3) and the rate in equation (5) is
low, Little of the gaseous oxygen arriving at the inter-
face 1s used to form 802 and most instead dissolves in the
liguid. The surface concentration [O]ads also increases

and although this leads to a diminution in [S] the rate

ads’
(5) increases. This continues until the rate becomes
limited by the slow diffusion of 802 through the gas
boundary layer.

(b) Linear-rate Oxidation

The middle period of the reaction was evidently
controlled by a slow gaseous-dunffusion step, since the
rate of sulphur loss depended upon the flow-rate and comp-
osition of the gas stream and was independent of the alloy
composition, at least down to low concentrations of sulphur.

, were only % to 4 of those

The dbserved fluxes of SO
calculated but the continuing absorption of oxygen makes
comparisons difficult. It is not reasonable to calculate
a %otal theoretical fluvx of oxygen' as a basis for comparison
since the 802 has a slower diffusion rate which probably
controls the overall rate. Under the conditions of Series
IX:-

~ ?

D = 5.0 cmz/soc.

802/02+He

The flux ratios for S0, (ta/b!' in Table 23) were in
general higher when the temperature was lower and again
oxygen may have reacted with nickel vapour, although
supporting evidence is lacking. Harvey (83) studied
reactions of copper drops in 02/N2 mixtures at 1400-1600°

where vaporisation should be strong but found no marked
i L)



Table 23: Oxidation of Nickel-Sulphur Alloy Jrops: Comparison of Fluxes etc.

Note: All fluzes are stated as (mol/s) x 106; Brackets indicate approximate data

Series No. g I 111 v VI Viii 1L VII v 1X
. atm. } 0.008 0 008 0.008 0,008 0.008 G.020 0.020 0,008 0.025
L 2 litr/min i 1 1 1 1 1 1 i L Ze5
Initial % 3 } 0.45 0.45 0.58 0.65 0.65 0.45 0.65 0.58 0.72
Av. metal temp. °c § 1700 1700 1690 1740 1760 1700 1740 1600 1740
Initial 1, to O L (1.6)  (1.6) - 0,96 U9k - 2.1 - 7.5
siow ¢, utilisn. (30)  (30) - 17 17 - 15 - 17
reaction b S

10°x a{sli/at: %/s| 2.22 2.50 2.88 2.09 2,09 5.6 b3 6.0 13,0
Linear Noo (2) | 1,11 1.25 1.44 1.05 1,05 2.80 2.15 3.0 6.5
reacti_n N, 2to 0 - (0.9) = 0.23  0.23 - 3.92 - 4.3
rate N02 total obsvd. - (2.2) - 1.28 1,85 - 3.07 - 10.8

% Stilisation - (40) - 2h 24 - 2 - 25

kg theor.: cm/s 27 27 27 27 27 27 a7 35 32

N, theor. (b) 2.90 2.90 2.90 2.86 2,85 735 712 4,80 12.3

datfo: A/b I 0.38 Sol3 0.50 0.37 0.37 0.38 G306 0.63 Ce53
Final %S at change - 0.08% - O.’.?j(‘;m 0. 16 T 0.25 0.25 B 0.17 0.30 o
slow %0 at changje i - (0.42) - (0.25)  (0.25) - Ce37 . (0.45)

reaction km(s): em/s - 0.0837 - 0.0013 0.0016  G.0023 0.,0321  0.0045  0.005%

~ G¢T =
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differences between observed and theoretical rates of
oxygen ahsorption.

The total utilisation of oxygen during this period
was generally smaller than with pure nic¥el under similar
conditions. The slover diffusion of SO2 in the gas
boundary layer may account for the differences,

The fact that some of the gaseous oxygen arriving at
the interface continued to dissolve indicates that the rate
of absorption of oxygen was not much slower than that of
the gas-forming reaction. BEvidently there is a form of
ncompetition" among the forward and backward rates of all
the above reéctions. The gas-forming reaction is not
instantaneous (as often assumed in simple models) and the
ratio pSSOZ/pSOZ is probably smeller than the equilibrium
ratio. It pgz is higher than the equilibrium level, oxysen
may dissolve more readily. This might explain the more
rapid absorption of oxygen when the initial sulphur content
was low (compare III with VI and VIII, Table 23) or the
increase in the ratio NZO/N802 when the oxygen supply
was larger:- -

VI: 1740°, Do, = 0.008 atm., L=1, NZO/NSOZ = 0.23
VII: 1740°, . 0.020 1, 0.43
IZ: 1740°, 0.025 2.5 0.66
No "802 boil% occurred because the contents of sulphur

and oxygen were well below levels that would be in equilib-

rium with 502 at 1 atm. FPor the eguation:

pe = K [s) [0}?
50,

Mkiisgéiggé ééﬁagiﬁj'ak.iéaoo (tﬁe free energy of solution
of S was derived from the data of ref., 82). It can be

shown that K will decrease with temperature unless the

entropy of solution of S (as yet unknown) is more negative
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oy B

than -9 cal/mol-°K. The highest value of [s1[0]12 was
only 0.064 (in Series IX) and pgg must have been well
2

below 1 atm. in all experiments.

‘When dhould the rate of diffusion of S0, become déﬁl'
endent upon the sulphur content? We can estimate that

the equilibrium ratio:

(psoz/poz)s = 5000 [ Japprox, at 1500°

Data for the free energy of solution of sulphur at higher
temperatues is lacking but the gas ratio probably remains
high, so that pgoz remaing ﬁirtually constant and close to
pO.2 for the inlot gas until the sulphur content is well
below 0.01%,

(c¢) Kinetics at Low Sulphur Ievels

The changes of slope in Fig.s 12a-d beginning between
0.3 and 0.17 must be caussd by a change in the rate-
controlling step (unless it could be shown that the factor

of 5000 above falls to 2 value smaller than 10 at 1700~

1800 which appears unlikely.

Fisure 13 showsg that the kinetics were close to first-
order with respect to sulphur concentration. Slow trans-
port of sulphur in the met=1 could not be the rate-
controlling sten since this should moke the rate dependent
solely upon the svlphur content irrespective of the other
conditions (within a modernte temperature ranse) and =211
lines should have the same slope. The apporent values of

in -the range O 0013 O 0054 cm/ ec.are vpry low

m(s)’

compared with km(0)7 0.1 cm/sec These two facts in-

dicate that some other step is rate-controlling.

As th9>so1phur oohfehtrggooﬁes depi;togwono‘{ho ox?éen -

content increases, the concentration of adsorbed sulphur

decreases steeply (by equation '3' in —art 'a') and the
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surface reaction (4) agnin becomes rate-~controlling.
When the oxygen supply is largerand the oxygen content
higher, [Sjads is smaller (for a given sulphur content).
The chemical reaction therefore becomes rate-controlling at
a higher sulphur level.
It is difficult to reconcile the linear trends of the

sets of points in Tig.13 with the different slopes of the

lines. The v oxygen supply was different for e~ch
sebies of experiments but remained constant during a
given experimént. We would expect this to affect the

chemical reaction only through the dissolved oxgyen content

of the metal, yet that figure increased c¢uring the course

of each testg and would be expected to chenge the slope

of the line connecting log[S] with time. (See also p. 139)
If K3 is the equilibrium constant for equation (3)

above, substitution in the rate equntion (5) gives:-

afsl -2k g1, ki, (e
[o?

at - K3

2
For simplicity, let [Qlds = £
[0]

Now by analogy with the Langmuir isotherm for adsorption

of gases, we may write for a solute:-

. q. bloj 5
{Oiads = meeme—— mol./cm
1+ bpl
where b = kads/kdesorption for dissolved oxygen,
q = number of moles to cover 1 cm2 of surface.
Then f =

(m2m)

If blol>1, f e 1/ (0]

If b[o]«1, £ = [0]

Between these extremes there may be a range Qhere ' changes
very ‘little and from équation (6), da[sl/at « [g]

The devintion of a few points to the right of the lines
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at very low sulphur levels is consistent with this tentative
gxplanation because the highcr oxygen levels make 'f' and

- the reaction rate smaller. This does not, however, explain
the steep slope for Series IX where the oxygen levels were
highest.

Evidently the situation is more complex than this
treatment assumes. The reactions proposed in part (a)
represent only three ways of describing the highly dynamic
relations among sulphur and oxygen atoms in dissolved,
adsorbed and gaseous forms. Other equations could
‘equally well be written, porticularly those with activated
species, Limitations such as the total area available
for adsorption and so for the gas-forming reaction must
also be considered.

In view of the variation of the rate of chemical
reaction with the rate of oxygen supply, we may even
consider that a form of 'mixed' kinetic control occurs, if
the rate of supply of oxygen affects the balance of the

various competing reactions described.

ADDENDUM to page 138:

The lines also had steeper slopes when the initial sulphur
content was lower., (In Fig. 13, p. 51, compare line III:
[s]i = 0.45% and lines VI & VIII: [s]i = 0.65%). Low initial
sulphur contents are associated with faster absorption of
oxygen (p. 136) and it appears that the high general oxygen
level of Series III was the immediate cause of the higher
rates of sulphur loss.
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4, Decarburisation

(a) Linear-rate Oxidation.

Rate-control by slow gaseous diffusion has been
confirmed by many workers (seec Section II) and the straight
lines in'Figures 20 and 24 need little comment.

The theorctical fluxes were calculated assuming CO
diffusing through Oz/He mixturces for gas compositions
congistent with the observed figures for oxygen utilisation
(Table 24). When the depleted ‘average bulk partial
pressure" of oxygen is inserted in the general mass transfer
eguation (Section V, eguation 1) the result can be expressed:-

-RT ¢

r
7 Uy

= Im (1 + Py ) + In(1 + j)
g 2 2

wherepo is the partial pressure of oxygen in the gas
2
supply,

and j=0.5N /(8 - NG )

The second logarithmic term is small and varies only
slowly as Ngz changes. The cquation is solved by
equating this term to zero at first and then using an
iterative procedure.

The observed fluxes of CO appear to be in goodagree-
ment with the theoretical fluxes, except for those at the
highest rates of oxygen supply. Baker and co-workers (23)
found a similar anomaly and thought that the combustion of
CO +to 002 may have raised the film temperature and acceler-
ated diffusion.

The diffusion of Co, is slower than that of CO,. For
the conditions of Wi:IV:-

— 2 _
DCO/He + 0, " 5.0 cm*/s. kg(CO) = 39 cm/s.

DCOZ/He + 0, = 4.0 ot/ s. kg(002)= 29 om/s.



Table 24L: Oxidation of Metal/Carbon Alloy Drops

Compariscn of Fluxes, etc. :{Note: Fluxes are given as (mol/s) x 106\

/

No,

tme
p0 atm

L 2 Litres/uin
10° x ac/at, %/s.
r

! 1,

hc (exptl.)

D 2 .
co/og-+_ﬂe cm”/s
k ci/s

T
l\go
y Theor. ii b
N co‘ heor.ii) P

. b
(theor. i) p
- Yeo

Flux ratio:
% Utilisation of 02
% C at boil start

Apparent km(c),cm/s.

=Zero

Ve

exptl./theor ii

NICKEL IRON

1 I 111 v v 1 11 111
0.02 ©,06 0,12 0.25 0.25 0.12  0.25 0.25
2 2 2 fy 2 2 A
0.875 2.80 5.30 11.3 20.0 5.87 11.8 19.0
5.8 19.% 35.7 78 133 39 80 127
6.7 6.35 5.8 5.0 5.0 5.8 5.0 5.0
39 39 39 37 45 38 36 45
8.0 2,3 46,8 82.2 99.5 45.7 8L.5 105 .
6.9 20.2 40.6 72.6 92.5 39.9 7h.6 97 e
0.85 0,93 0.88 ©.9% 1.45 0.96 1,07 1.31 :J
21 2k 22 23 20 2% 24 i9

- 0.15 0.25 0.26 0.27 0.12  0.38 0.33

- 0.022 0.025 0.052 0,089 0.060 0.038 0,071
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Fig. 37 Relation of °/cCarbon at CO boil to decarburisation rate.
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Diffusion of the mixtures of CO and 002 might be
slower than those calculeted but it is not clear whether
the same Boundary Layer Theory could be applied to condit-
ions outside & flame front.

The proportion of oxygen utilised was about the same
as in the desulphurisation experiments. The proportion of
CO converted to 002 increased as the oxygen concentration
in the gas increased, at constant goas velocity. Raker
and co-workers (23), using 10% oxygen in helium, measured
0.3%% €O, and 2.2% CO in their exit gases: a conversion
of 13%. Their gases flowed at 5 litres/minute. The
degree of conversion also decreagsed in the wiiter's experi-
ments when the flow-rrte was increased from 2 to 4 litres/
minute and it appeﬁrs that these data are not seriously
at variance with Baker's. Distin, on the other hand,
had a minimum CO/CO2 ratio of 8 in pure oxygen, correspond-
ing to 11% conversion. This conflicts with the writer's
data, unless we suppose that the trend is reversed at some
oxygen concentration between 25 and 100%.

The proportions of 002 formed were consistently lower
with iron than with nickel drops. but the lower metal
temperature may heve been a factor here. No flame front
was seen in nny experiment although it may have been
inconspicuous because of fuming ~nd the dilution by helium.
The temperature of the metal may have affected the intensity
of the oxidaticn of CO to 002 in the gas phase. It is also

possible that CO, might be produced in addition to CO by

2
reactions on the metal surface and that nickel favours this

more strongly.

(b) Change in Rate-Controlling Step
The decarhurisgsation curves show no clcar evidence of a

change in the rate. The occurrence of the boil and the
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increéase in the oxygen content at the same time, before
all the carbon had been removed, suggests that the kinetic
control of the reaction hnad changed.

The apnarent values of o mass transfer coefficient
km(C) for EE%QQE%SQ in the metal phose were of the same
order as those of Distin but were not constant. Figure 37
was plotted for comparison with Distin's diagrem (1b:Fig.13).
The data can be reconciled only if we suppose them to lie
on curves for const-nt oxygen concentration whose slopes
decrense as the decarburisation rates increase. Higher
oXygen concentrations_would then give curves of similar
initial slope but with higher "plateaux".

We have shown that oxygen is transported very rapidly
through the metal and a solute of similar atomic size 1is
expected to diffuse at roughly the same rate, as Distin
has argued. The total absence of oxide on the nickel
drops and its delayed appearance on the iron drons do
not accord with the model oi carbon “starvation%lat the
drop surface. The hypothesis of kinetic control by the
slow éiiiiii&i of carbon can therefore no longer he supported.

Considcr instead the possibility of rate control by
a surface chemical reaction. In contrast to sulphur,
ccrbon.is very weakly surface-active. Kozakevitch (45)
reported that carbon depresscd the surface tension of liquid
iron only slightly. Halden and Kingery (46) could detect
no effect at carbon levels up to 5%. Eremenko and
Nizhenko (47) found that about 1%C in nickel lowered the
surface tension from 1780 to 1700 dyn/cm. Stark =and
Filippov (cited by Semenchenko: 83) reported that carbon
lowered the surface tension of iron from' 1200 to 800 dyn/
cm. but their 2lloys also contained up to 0.04% of oxygen.

Then in the reaction% c

/

ads T 9 =8+ 0,454 +--(2) &
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very small concentration of dissolved oxygen can drive the

equilibrium strongly to the right. At the beginning of

the reaction: C 0+ O 35 = co(g) ... (3)

the absorption of =2n extremely small guantity of oxygen

enables CO to be produced nt the rate that is restricted
transport

only by'slow &it+fusiter away Irom the drop. A period of

"initial slow reaction" is not observed because it is too

short,

For the reaction (%) abovc, the rate equation is:-

' 1
d [o] /at = -ak" €] a4 [O] 45 ¢+ (4)

The specific rate k" must be much highcecr than k' for the
50, ?eaction because Lcjads is so small and{O] adg Commnot
exceed the ¥alue for complete surface coverage. The
specific rate for oxyren absorption is the same as it was

desulrhurisation and must be slow compared with that for '
duringﬂﬁhe gas~forming resction. We can now understand
why so little oxygen is tzken up by the metal during the
period of linesr-rate decarburisation.

When the czirbon content is sufficiently depletcd, the
rate of the chemicrl reaction falls brlow the limiting rate

transport .
of grseous &ixffusinm, Kinetic control of decarburisation
at low carbon contents is therefore by a slow chemical
reaction at the mectal surface.

When the chemical reaction is slow enough to be
rate-controlling, its rate is probably comparable with that
for oxy en absorption. Tess oxygen is bcing used to form
CO, the element dissolves in the metal and conditions dev-
elop in which CO bubbles form within the liquid.

The surface area available for renction (3) increases
because of the distortion of the Adrops ~nd the growth of
the bubble surfrces. This helps to compensatc for the low

level of [C] and to increase the reaction rate again to

) transport
that limited by gnscous ddffusin, It is probably signif-

ads
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icant that the oxygen content does not rise sharply until
the boil ig finished since most of thot available is still
used to form CO,

(¢) The *CO Boil™

The uncertainty in identifying thc moment when a boil
begins is small compared with the variations of several
seconds recorded in Tables 12 zond 13. The scntter of
points for carbon content about the straight lines was
also sm2ll ~nd there was little change in cdecarburisation
rate from one experiment tc the next. We must conclude
that there is no single "critical carbon content® at which
the boil begins under o given set of conditions and also
that the beginning is sensitive to unrecorded variations
in the experimental conditions.

The matter of oxygen contents unfortunately remains
in sdme doubt. Trom the dnta in Table 17 the following
averages and estimates of error hove been deduced:-

Table 25: Summary of Data on Oxygen "Blank" in Metal/

Carbon Alloys

. Cast in levn. vessel - e
Seconds (Cu cup) Cast in argon
in OZ/He Cast while Cast after 5 sec.|filled-column
0,/He still in pur- He.
— flowing |
0~ 6 |Ni 0.000 Ni 0.000 Ni 0.028 :
Fe 0.006 ¥ .006 | Fe 0.042 ¥ 010 |
148-17.5 | Ni 0.010 + 002 Ni 0.005 + .008 |Ni 0.030 + .008
; - .005 ;
Fe 0.031 .005 . Fe 0.042 .2

The middle‘column might not represent the true conditions i
at the end of a reaction since O could continue to combine ﬁ
with C during the 5 sec. in He. Deducting figures in the'ﬁrsﬂ

i

column from those in the third gives the followlng values:
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Time (sec.) Estd. oxygen pick-up, # Estd. orig. %0

0 -6 Ni 0.028 0.00
Fe 0.036 0.006 2
14-17.5 Ni 0.020 0.01 |
Fe 0.010 0.03

In general, samples with less about 0.01% O gained about
0.03% when cast in the argon column; those already con-
taining 0.02 - 0.03% gained less.

The original oxygen contents were lower than Distin's
figure of 0.08% for iron but the difference may be due to
the‘dilution of the O,by He in the writer's work. Again
the oxygen content just before the boll was almost constant

at all decarburisation rates for each metal.

iﬁg‘éﬁpersétﬁration»of Cco éfhéﬁe sféf%iéfﬁfﬁe boil
can be estimated from the following exprcssions:-
5400 fc]{o] (ref. 86)
400 [c] [o] (ref. 12)

NI (about 2200°K): pg,

Fe (about 2100°%K): e

Table 26: BEstimates of CO supersaturation

Po. L !%g at | %0 exptl. Pyn (% 0 eatd. D
ath. 1/min boil ’
Nickel ©6.06 2 0.15 0.04 32 0.01 8
0.12 2 0.25 | 0,035 47 |o0.01 14
0.25 2 0.26 0.03%5 49 C.01 14
0.25 4 0.27 0.035 51 0.01 15
Iron 0.12 2 0.12 0.05 2.4 0.03
0.25 2 0.38 | 0.05 7.6 L 903  a.s
0.25 4 i 0.33 0.055 7.3 0.03 3.9

Prom these data it appears thatboiling can begin
at quite low supersaturation levels of CO. The variations

in the carbon level at the time of the boil, discussed in
part (a) above, mean that there is no single critical’

supersaturation pressure', cven under a given set of
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experimental conditions.

The contrast betwecn the uniform increase and decrense
of boiling action in nickel drops and the short bursts of
agitation #een in iron drops cannot easily be cxplained,

It might be connected with +the slightly lower purity of
the iron osowdexr but it is also pnossible that the low super-
saturations of CO take time to "build up"® again after each
burst.

The most interesting feature of the boil in both metals
was the succession of “bright spots®. Robertson (87) haos
also observed these. Several tentative cxplanations can be
offered: -

(i) The hollowcunrved surface exposed as a bubble
bursts has an enhanced emiss=ivity.
This could only occur in the extremcly short
time theat the first bresak occurs, so that the
inside of a hollow svhere is v1ewed through a
small. aperture. in expos~d curved surface has
the same emissivity as 2 plane of the scme
apparent area which is nerpcendicular to the line
of sightand Shou(cl not appear brighter.

(ii) Metal oxides form transiently and redissolve.
Lxperiments to oxidimae liquid Ni in the absence
of C were not successful and it is unlikely
that oxide could form, even locally, when vigorous
oxidation of carbon is proceeding. It is import=-
ant tec notice that "bright spots® also apveared in
the film of the nickel-oxygen drop reduced in
hydrogen (Fig. 16).

(1iii) The heat evelved during the surf-ce reaction causes
local overheating which is not dispersed immediately
Thermal diffusion and convection should immediately
begin :to 'blur' the edges of the hot zones and the
persistence of fairly well-defined shapes would not
be expected.

(iv) The reaction between adsorbed atoms gives rise to
radiation of vigible wavelengths, i.e.
chemiluminescence. /the]&jeraturenmntlon
this is a highly speculative explanation an%
precedents for liquid metals.

By elimination, only (iii) and (iv) are tenable.  Both
expla .nations suppot the hypothesis of surface chemical
reaction, which we may imagine to proceed at the surfece
of new bubbles, as well asabt the free surface of the drop.

The effects become visible as soon as the bubble bursts and
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are not immediately dispersed. Undoubtedly the same
reaction also occurs on the outer surface of the “rop but
it is more diffuse and not distinguishahle from the normal
radiation.

(d) Initation of the Boil

The research hasgs not resolved the theoretical difficulty
that is inherent in forming bubble nuclei of critical size.
The data have shown that guite small supersaturations of
CO can initiate boiling under conditions believed to be
homogeneous.

Distin considered that iron oxide might assist nucleat-
ion. Kaplan and Philbrook (85a) also suggested this but
later made calculations which showed that an iron/iron
oxide interface could not serve as a nucleation site (85b).
Certainly the present work has proved that bubbles can form
in the absence of metal oxides and there was no evidence to
link the "slag snots™ with the boil. We might also mention
that drops &f iron and nickel could be supercooled in a
hydrogen stream by 100° or more, demonstrating that no
so0lid nuclel were present.

Kaplan and Philbrook (85b) suggested that “cavities
swevnt into the levitated droplet from the surface serve
as nuclei for bubble formation . Robertson (87), had
earlier worked out a similar idea in some detail, proposing

/turbulence caused by local changes in surface
that interfacialAtension could set up vortices in the liquid.
The low or even negative pressure at the centre of a vortex
would then assist a bubble nmcleus to reach critical sige.
No visual evidence to support this was seen in the high
speed films except perhaps for the rinples just before
boiling began and the small shapes regembling eddies shown
in Figures 26:b, and 22:4.

The demonstrated imnortance of the surface activity of
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oxygen suggests that the decrease in surface tension whenl
the oxygen content begins to rise might assist bubble
formation or even set up eddies and vortices. Against
this, the addition of sulphur which kept the surface tension
low throughout the decarbuvrisation reaction had no marked
effect'on the time of boil.

The problem will probably be solved only by attention
to the detailed structure and atomic bonding at the surface
of very small bubbles and to the equilibria and kinetics of
activated species in the various competing reactions.

(e) Other work on Chemical Rate-Control

Swisher and Turkdogan (32) found evidence of reaction
rate control by a surface chemical reaction at carbon
contents below 1%. They proposed that the slow dissociat-
ion of their oxidant, 002 in the presence of adsorbed
oxygen on the metal surface could account for €he observed
changes in rate.

It has been shown above that low carbon levels can
theéselveg cause low reaction rates when oxygen is the
oxidant. It is perhaps not necessary to postulate a lsow
dissociation step for 002. Sﬁisher and Turkdogan related
the dissociation rate and hence the oxidaticn rate to
(1—%}, the fraction of the surface not occupied by adsorbed
oxy~en atoms. But (1;Q9.= @C approx. and the rate cculd
equally well‘be related to the carbon content.

In spite of the chemical control of kinetics, the rate
was still affected by the concentration of 002 in the gas
stream and the authors were able to write rate eguations
that included " pp, as wgll as (1—%2. Possibly a process
of this sort is responsible for the seeming "mixed control®
of the last stages of desulphurisation.

Ghosh and Sen (88) hsve argued that all decarburisation
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1s chemically controlled. Their highest carbon concen-
tration was only 1.1% and they may well have detected
some of the effects just described but they rejected
gaseous diffucion control solely on tvhe grounds that the
effective boundary layer of 3.5 mm was unrealistic in a
gas velocity of 133 cm/s. But this velocity appli=d only
to the stream confined in the supply jet, 10 cem. from the
surface, For the writer's drops where the gas velocities
were usually above 50 cm/s. in contact with the drop,
typical values of D/kg are 2 mm,
(f) Bffect of Sulphur.

The linear rate of carbon oxidation was slightly lower
when sulphur was present and there was a small change of
slope 5-7 seconds after the reaction began. In about the
same short period there was a slight loss of sulphur.
Thereafter, no sulphur was oxidised from the nickel drops
until the time of the boil when sﬁlphur began to be rapidly
removed before all of the carbon had been oxidised. In the
iron drops there was no loss of sulphur after the 7 seconds
mak¥rk. The decarburisation rate for iron slowed down
abrurtly at the time of the CO boil and then proceeded very
slowly in swpite of the rapidly-rising oxygen content,

Evidently there was a complex balance among the rates
of the chenical reactions that have been discussed in
connection with the desulphurising and decarburising experi-
ments. We have argued that the specific rate for carbon
oxidation in nickel is must higher than thet for sulphur
oxidation, which is in turn only a little high=sr than the
specific rate for the solution of oxygen. The succesion
of events described above could then be explained as follows:
(i) 1Initially the metal surface is occupied by adsorbed

sulnhur and a little carbon; no oxygen is present.
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Sulphur "competes' with added oxygen for surface
gites, so that the concentration of Qads does not

rise as rapidly as it does when only Coas 18 present.

s

(ii) While the concentration of O, 35 i low, the rate of
oxidation of carbon is restricted and the oxidation
of sulphur can proceed at a detectable but diminishing
rate.

(iii)When the oxygen level is higher the rate of carbon
oxidation becomeg limited by the gaseous diffusion of
CO and all the oxygen diffusing counter to this flux
is used in forming CO.

(iv) When the carbon content is low, decarburisation
becomes slow and oxygen becomeg available to oxidise
sulphur and to dissol¥e in the metal,. Perhaps also
the sulphur, by occupying part of the surfece, further
diminishes [C]ads and retards carbon oxidation.

Kozakevitch (45) reported that the effect of sulphur

upon the surface tension of iron was greater when carbon

was present because carbon raised the activity coefficient

of the sulphur, Thig would make sulphur atoms more
strongly adsorbed and increase the probability that they
would react with oxygen.

The delay in forming oxide when Fe/S alloy drops were
oxidised was probably due to the presence of small amounts
of carbon in the iron powder. Evidently the specific
rate for forming iron oxide is much greater than that for
oxidising the sulphur and all the oxygen is used for oxidising
the iron instead of the sulphur. The same effect was
seen at the end of the reactions with Fe/C/S drops.

The "frothing" of the Ni/C/S drops and their
spectacular expansion during boiling can only be due to

the lowering of surface tension by the added sulphur,
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The less spectacular performance of the Fe/C/S drops
was consistent wilth the behaviour of the Fe/C drops but
again cannot be explained, unless here again the low

supersaturations of CO are responsible.
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VII. CONCLUSIONS

1. The mass transfer coefficient for oxygen in levitated
drops of liquid iron and nickel is at least 0.1 em./s. and
may be greater than 0.2 cm./s. Heterogeneous reactions
involving dissolved oxygen are therefore very unlikely to
be kinetically controlled by the slow transport of this
solute in the metal. It has also been shown tha; the rates
of oxidation of sulphur and carbon dissolved in iron oxr

nickel drops are not controlled at any stage by slow trans-

port in the liquid metal.

2. The gaseous products of heterogeneous reactions are
formed by the chemical combination of atoms adsorbed on
the surface of the liquid metal. The surface activities of
the solutes are of particular importance in the kinetics

of these reactions.

3. During the oxidation of sulphur from nickel-sulphur

alloy drops, the rate~controlling step of the reaction

#

changed twice:~

(a) Initially the chemical reaction between adsorbed
atoms of sulphur and oxygen was slow because of
the low concentration of adsorbed oxygen.

(b) When the concentrations of dissolved and adsorbed
oxygen and hence the d#hemical reaction rate
increased, the slow diffusion of SO, through the
gaseous boundary layer hecame rate-~"controlling.

(¢) When the sulphur content was about 0.3% the
chemical reaction on the surface again became
rate~controlling, this time because of the low
concentration of adsorbed sulphur.
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4. The specific rates of forming 802 and of dissolving
oxygen with nickel-sulphur drops are similar. Oxygen
continues to dissolve in the metal while 802 is being
produced at the rate that is limited by slow gaseous

diffusion.

5. Because carbon is very weakly adsorbed on liquid iron
and nickel there is very little competition for the
adsorption of oxygen atoms. A surface concentration
sufficient to cause a rapid reaction is quickly reached at
the beginning of decarburisation. The period of initial
kinetic control by a slow chemical reaction is therefore
too brief to be observed and the familiar process of carbon

oxidation controlled by slow gaseous diffusion begins,

6. The specific rate of the CO reaction is much higher
than that of the 802 reaction and of oxygen absorption,
with the result that little or no oxygen is taken up by the
metals while the decarburisation rate is controlled by the

gaseous diffusion step.

7. At carbon levels below about 0.4%; the reaction is
controllied by a slow surfaccec chemical step because the
concentration of adsorbed carbon is low. The evidence does
not support earlier suggestions that the slow transport of

carbon in the metal is rate-~controlling.

8. When the surface chemical step begins to control the
rate of carbon oxidation, gaseous oxygen becomes available

to dissolve in the metal. The estimated supersaturation
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of CO that occurred in these experiments at the start of
the "beil™ was below 10 atm. for iron-carbon drops and was
probably below 20 atm. for nickel-carbon drops. High
supersaturations of CO are therefore not believed to be

necessary to initiate bubble formation.

9, No metal oxide appeared at any time during the oxid-
ation of nickel~carbon drops. With iron-carbon drops the
oxide appeared at least a second after the "CO boil®" had
begun. Oxides cannot therefore be responsible for nucleating

CO bubbles.

10, Bright spots of light scen in high-speed films

of "boil" reactions when CC bubbles burst are believed to
constitute direct evidence of the vigorous chemical reaction
at the metal/gas interface. Their precise cause is not
clear: 1lccal emission of heat and chemiluminescence have

been suggested.

11. ILittle sulphur is oxidised from nickel--carbon-gulphur
drops until the time of the CO boil. With iron-sulphur and
iron-carbon-sulphur drops, iron is oxidised in preference

to the sulphur. The effects can be éxplained by the relative

kinetics of reactions among oxygen, carbon and sulphur.

12, Experiments on the rates of transport of naphthalene
vapour from solid spheres showed that the empféal mass
transfer equation of Steinberger and Treybal dces not
accurately predict rates under all conditions of gas flow.
Dilution of oxygen with helium also leads to inaccurate
predictions for reaction rates with metal drops. It may
be necessgsary to include other dimensions with or in place

of 'n' in the "forced convection® term.



10,

11.

12.
13.
14,

15.

- 157 -

REFERENCES

(a) P.A. Distin, : Ph.D. Thesis, Univ. of London, 1967.

(pb) P.A. Distin, G.D. Hallet, F.D. Richardson, :
J. Iron Steel Inst., 206, 1968,

(a) G.W. Toop, : Ph.D. Thesis, Univ. of Tondon, 1963.
(b) G.W. Toop, F.D. Richardson, : in "Advances in

Extraction Metallurgy" (Inst. Min.
Met., London 1968), 181.

W.A, Peifer, : J. Metals, 17 (1965) 487-494.
(a) C.G. Glen, : M.6Phi1. Thesis, Univ, of London,
1969.

(b) C.G. Glen, F.D. Richardson, : in "Heterogeneous
Kinetice at Elevated Temperatures"
(Plenum Press, New York, 1970)

369-390.
A, Porster, : M.Phil, Thesis, Univ, of ILondon,
1968,
G.D. Hallett, : M.Sc. Thesis, Univ, of London, 1964.
P,D. Richardson, W.E. Dennis, : Trans. Faraday Soc.
49 (1953%) 171-9.
A. Rist, J. Chipman, : "Physical Chemistry of Steel-

making', (MIT/Wiley, New York, 1958),

S. Ban-ya, S. Matoba, : "Physical Chemistry of Process
Metallurgy®", I (Interscience, New
York, 1961) 373-402.

S: Marshall, J: Chipman, : Trans. A,S.M. 30 (1942)

695-T41.
E.T. Turkdogan et al, : J. Iron Steel Inst., 181l (1955)
123%-8.

T, Fuwa, J. Chipman, : Trans. AIME, 218 (1960) 887-891.
P. Vallet, : Iron & Steel, Oct. 1955, 463-T.

L.S. Darken, R.W. Gurry, : "Physical Chemistry of
Metals" (McGraw-Hill, New York,

1953%)

B.M. Larsen, L.0. Sordahl, : "Physical Chemistry of
Process Metallurgy", II (Inter-
science, New York, 1961), 1141-77.



16.

17.

le.

19.

20.

el.

22,

230

24.

25-

26.

27.

28.

29.

300
31.

32.

L. von Bogdandy,

F.D. Richardson,

N.A., Parlee,

K. Niwa et al,

~ 158 -~

(a) Arch. Eisenhiittenwes, 29 (1958)
329-337.

(b) "Phe Chipman Conference® (MIT
Press, Boston, Mass., 1965)
156-165.,

Iron & Coal Tr. Rvw., 24 Nov. 1961,
1105-1115.

S.R. Seagle, R. Schumann, : Trans., AIME

212 1958, 132-8.

"Physical Chemistry of Process
Metallurgy3 II (Interscience, New
’

York, 1961 689-703.
W,D. Jamieson, C.R, Masson, : J. Am., Chem. Soc., 82
(1962), 4084.
L.A, Baker, N,A. Warner, A.E. Jenkins, : Trans. AIME,
230 (1964), 1228~1235.
L.A. Baker, R.G. Ward, : J. Iron Steel Inst. 205 (1967)
T14-17.
L,A. Baker, N.A. Warner, A.E, Jenkins, : Trans., AIME,
239 (1967) 857-864.
L.A. Baker, Can. Met., Quarterly, 7 (1968) 217-
220.
A.E. Hamielec, W-K. Iu, A. McLean, : (a) ibid., T
27-33
(b) ibid., 7
220-221
T. Pujii, T. Araki, Tetsu-to-Hagan€ Overseas, 5

S5.G., Whiteway et al,

T. Fuwa,

K. Ito, K. Sano,

XK. Ito, K.

S. Matoba,

(1965) 290~3%02.

: Can. Met., Quarterly, 7 (1968),
211-215.

:  "Studies in Metallurgy for S.
Matoba", (Tohoku Univ. 1969),
57-65.

Trans ISI Japan, 8 (1968) 165~T1. -
ibid. 9 (1969) 465-T1.

K. Goto, M. Kawakami, M. Someno, : Trans. AIME, 245

J.H. Swisher,

(1969) 293~301.

E.T. Turkdogan, : Trans. AIME, 239

(1967) 602-610.



33.

54,

35.

36.

37.

38.
39.
40.

41.

42.

43.

a4,

45.

46.

47.

48.

49.
50.

- 159 <

R.G, Ward, : "An Introduction to the Physical
Chemistry of Steelmaking' (Arnold,
Iondon, 1962),

A.V, Bradshaw, : "Le Vide", Nov/Dec. 1968, 376-415,

J.W. Cahn, J.E. Hilliard, : J. Chem. Phys., 31 (1959),
6880

A,E, Jenkins, B, Harris, L.A. Baker, : in ‘Metallurgy

at High Pressures and High Tempera-~
tures", (Gordon & Breach, New York,

1964 ).
M.N. Dastur, N.A. Gokgen, : Trans. AIME, 185 (1949)
6 5'
A. Sieverts, : . Z. phys. Chem,, 77 (1911) 611.
D.R. Young, : Ph.D. Thesis, Univ. of London, 1965.

P,B. Brown, C.B. Alcock, : Metal Sci. J., 3 (1969),
‘ 1162120,

(a) C.E,A. Shanahan, :in "Determination of Gases in
Metals", (Iron Steel Inst., Special
Rpt. No. 68, TLondon 1960) 75-92.

(b) C.E.A. Shanahan,:F. Cooke, : J. Iron Steel Inst.,
188 (1958) 138-142

C.B. Alcock, L.L, Cheng, : J. Iron Steel Inst., 195
(1960) 169~173.

¢. Rangue, : Rev. Mét., 39 (1942). 362.
C. Bodgworth, : "Phys., Chem. of Iron & Steel

Manufacture" (Longmans, London,
1963), 381.

P, Xozakevitch, : Soc. Chem, Ind. Monograph No. 28
(1968), 223-245.

F.A. Halden, W.D. Kingery, : J. Phys. Chem. 59 (1955),
557-9.

V.N. Eremenko, V.I. Nizhenko, : TUkr. Khim. Zhurn. 26
(1960) 423-8.

R,J.W, Peters, C.R. Masson, S.G. Whiteway, : Trans.

Faraday Soc. 61 (1965), 1745-53.
J.E. Bowers, : J. Inst. Met. 90 (1961) 321.‘
M, Hansen, X, Anderko, : "Constitution of Binary

Alloys" 2nd edn. (McGraw-Hill, New
York, 1958).



51.
52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62,

63.

66.

- 160 -

R.L. Steinberger, R.E. Treybal, : A.I.Ch. E. Jnl. 6
(1960), 227-232,
A. Acrivos, ibid 4 (1958), 285-9.
- : "Handbook of Chemistry & Physics®,

A5th edn., (Chemical Rubber Co.,
Cleveland 1964), C 650,

A,P, Colburn, Tr., Am. Inst., Chem., Engrs., 29
(1933), 174.

W.G., Mathers, A.J. Madden, E.L. Piret, : Ind, Eng.
Chem., 49 (1957), 961-8, (citing
E. Mack, 1925).

J.0, Hirschfelder, C.F¥. Curtiss, R.B. Bird,
"Moleccular Thcory of Gases &
Tiquide?® (Wiley, New York, 1954).

R.C. Reid, T.K. Sherwood, : "Properties of Gases &
Iiguids" (McGraw-Hill, New York )
(2a) 1st edn., 1958 (bs 2nd. edn.,
1966.

C.R. Wilke, C.Y, Iee, : (a) Ind. Eng. Chem. 47 (1955),
1253-7.
(b) cited in Ref. 57b : 530.

J.,0. Hirschfelder, R.B. Bird, E. Spotz, : J. Chem,
Phys., 16 (1948) 968.

J. Hilsenrath et al, : "The Thermal Properties of
Gases® (Nat. Bureau Standards,
Qirc. No. 564, Washington, 1955).

J. Hilsenrath, Y.S. Touloukian, : Trans., Am. Soc. Mech,
Engrs., 76 (1954), 967-983.
R.B. Bird, W.E. Stewart, E.N. ILightfoot, : "Transport

Phenomena" (Wiley, New York, 1960).

A.D. Kirshenbaum, J.A. Cahill,: Trans. A.S.M., 56
(1963), 281.

S.Y. Shiraisi, RQG. Ward, : Can. Met., Quarterly, 3
(1964), 118:

G. Urbain, L.D. ILucas, : in "Phys. Chem. of Metallic
Solutions and Intermetallic
Compounds" II (NPIL, London 1959)
4E.2~-4E.10.

A.V. Grosse, A.D. Xirshenbaum, : J. Inorg. Nuclear
Chem,, 25 (1963), 331-4.



67.
68.

69.

70.

71,

T2.
3.

4.

5.

76.

7.

8.

79.
80.

81.
82.

83-

- 161 -

R.D. Ingebo, : Chem. Eng. Progress, 48 (1952), 403.

H.A, Wriedt, J. Chipman, : Trans. ATIE, 206 (1956),
1195-9,

L.E. Scriven, C.V. Sternling, : Nature, 187 (1960)

T.K. Sherwood, J.C. Wei, : Ind. Eng. Chem., 49 (1957),
1030~4.

W.J. Thomas, E.¥M, Nicholl, : Trans. Inst. Chem. Engrs.,
47 (1969), T 325-331.

J.K, Brimacombe, : Ph.D. Thesis, Univ. of London, 1970.

W.A, Fischer, W. Ackermann, : Arch., Eisenhiittenwes,
37 (1966), 43-T.

E.S. Tankins, N.A., Gokcen, G.R. Beclton, : Trans. AIME,
230 (1964) 820-7.

V.V, Averin, A.Y. Polyakov, A,M. Samarin, : Izv,.
Akad. Nauk SSSR (Tekhn.) (1957)
No.8, 120,

J.P., Elliott, M., Gleiser, V. Ramckrishna, :
"Phermochenistry for Steclmaking",
IT (Addison-Wesley, Reading, Mass.,
1963), 515.

V.K. Semenchenko, ; "Surface Phenomena in Metals and
Alloys" (trans. N.G. Anderson)
(Pergamon, London, 1961), 249.

E.T. Turkdogan, P. Grieveson, I.S. Darken, : J. Phys. .
Chem. 67,II (1963) 1647~54.

E.T. Turkdogan, : Trans. AIME 230 (1964), T740-753.

C.M,., Diaz, F.D. Richardson, : Trans, Inst., Min. Met.
76 (1967) C 196-203.

F.D. Richardson, : Jernkontorets Ann., 153 (1969), 367.

C.B. Alcock, F.D. Richardson, : Acta. Met., & (1958)
385-395.

R.L. Harvey, : Imperial College, Univ, of London :
Private communication, 1971,

W.A. Pischer, W. Ackcrmann, : Arch, Eisenhiittenwes,

37 (1966) 779-781.



85.

86,

87.

88.

~ 162 -

R.S. Kaplan, W,0, Philbrook, : (a) Trans. AIME 245
(1969) 2195-2204.
(b) Paper read at AIME
Annwval Meeting, Feb
1970 (Abstract in
J. Metals. Dec. 1969)

A.M, Samarin, : Jegnkontorets Ann. 151 (1967) 181-
196.

D,.G.C., Robertson, : Ph.D. Thesis, Univ, of New South
Wales, 1968.

D.N. Ghosh, P.K., Sen, : J. Iron Stecel Inst. 208 (1970)
911-916.



- 163 -

Appendix 1: Nomenclzture in Mass Transfer Calculations

General:

a

C
p

d

Dag

g
k

gk,

In
M

Dy

Ny

= < ¢ H¥H B3 o

o
I

.
o

Area of reaction interface, cm2

Specific heat at constant pressure,cal/g. - x°
Diameter of liquid drop (assumed spherical), cm.
Diffusivity in a binary uixture of A and B,'cmz/s.
Gravitational constant, 980.7 cm/sec2
Thermel conductivity, cal/cm.s. °K
Egiégggégwéoefficient,in the gas or metal phase, cm/s.
Natural logarithm

Molecular weiszht

Number of moles of A,

Total flux of A, mol/s.

Flux of A per unit area, mol/cm%-s.

Total flux of all gaseous species entering reaction
Total pressure in the systen, vessel, mol/s.
(assumed to be 1 atm in levitation experiments).
Partial pressure of A, (atm), _

Gas constant, 82.06 cm? atm/mol.°K

Og

Temperature,
"Film temperature" = (T + 298)/2, %K
Velocity of gas stream, cm/s.
Volume;,cmB.

Weight of metal drop, g.

Mole fraction of A

Effective thickness of boundary layer, cm.

Viscosity, g/cm.s.

Density, g/cm3

Supsrscripts:

b
S

r

Bulk phase, remote from reaction interface
at reaction interface

used in or produced by the chemical reaction
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(to distinguish a flux from that of the same species
supplied to the reaction vessel).

Subscripts:

f "film" properties, estimated for Tf.

g Gas phase

m Metal phase

NP Naphthalene

Dimensionless Quantities:

Gr Grashof Number for heat transfer

il
Q
o
o
oy
=)
=
I
§*)
O
338

I3l

5 a : - =)
Gr, Grashof Number for mass transfer = gg .F% (pt - p%)
g
where pS= density of gas at metal temperature.

Gr  Compound Grashof Number = GT) + (Sc/Pr)%.GrH

Pr  Prandtl Number = (Op n /k)f

Re Reynolds No.= pud/y £
Sc Schmidt Number = o(n/ PDyp )f

Sh  Sherwood Number = kgd/DAB,f

(sometimes referred to as the Nusselt Number for

mass transfer and written NuD,AB
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appendix 2: Sources of Transport Property Data, etc.

(a) Properties of Gascs. (In a reference such as 56:533, the

nucber after the colon refers to the page nuwber).

Property Single Species Binary Multicomponent
mixtures nixtures
Viscosity, Y 59, 60 56:533
56: 533
57b:421
Thermal condy. k 60, 61 57b: 486
Spec. heat. G 60 (Jeighted Arith. mean as an
P (He: 5R/2M) approx: k is not sensitive to

errors in“the Shn term).

Density, p 60 p = HK/RT (for 1 atm).

where M= weighted mean mol. ut.

Prandtl No. Pr 60,61 Calc. from Pr=CpT/k
Diffusivity D, - 56:539 57b:543
57b:523
Lennard-Jones’potential parameters:
ct::\ 57b:632 Arith. mean -
g/ =T* 57b:632 - Geometric mean -

Collision integrals:

Q
LT (for D) - 56:1126 -
Qz,z
(for & ) - 56:1126 -
Notes:

1. Tor many problems concerning binary mixtures, one component
(usually the reactant) was in large excess and the single-component
values of 7, Kk, Cp and p Jere used.

2. DAB for binary mixtures has the virtually same value for all

proportions (56). Values for multi-component mixtures were

calculated for the proportions of each mixture.

(b) Density of Liquid Metals:
Nickel:

Cahiil & Kirshenbaum (63); Shiraisi & Ward (64)
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iron:
Urbain, Lucas (65) - expression for specific volume.
Grosse, Kirshenbaum (66)

o

The tuo curves cross at about 1560 but diverge by as wuch
25 0.13 at 1340°. This error is however not very significant
in the celculations of "d" (for estimates of kg); a wean value

was used.
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Appendix 3 DPartial Pressure of & Product from a Flat
Renction Interface: Iffect on Diffusion Rate

Flow of 4 + Y = N, Moles/sec

i
!

|
1
*

!
i
| N Curves represent
é SR N Y - B concentration
: ¥ B,1" gradients ofB
4 RS LY L at different
W e e e V distances from
- B the leading edge.
B \
N b b
| T T T o iB2 2 T
i g = 0
g
) b b
| e XB 3>'XB’2
nl*w_,L“_“w““ﬁwmwm_mxB;O

Consider a gas mixture of 2 reactive component 4L and a
non-renctive component Y flowing across a reaction inter-
face of length h ~nd width w; the reaction product is E.
Assume equi-molar counter-diffusion of L =2nd B.

Under steady-state conditions.-

%5
A
at the interface, are constont,

and N% very with y but not with time,
p; = Px; otn. (where i represents any cooponent)

and Xg, the mole fractions of the two components

At any distance 'y*' from the leading edge:-

' &k
Flux of B per unit area: Né’y= %T (pg - P%)
= Pko S b

e (X2 = X))

RT B B

For simplicity, write Z = Pkg/RT

At a slightly greater distance (y + 8y):

N . W.8y
XD ey = Koy 4 el
'y Y Ny + N, + Ng
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where NX is the rate of removal of 4 (mol/sec) from the

gas between y=0 2nd (y + 6 y), etc.

T T
But NA = -NB and
b \ B
B,y + &y T By T °%p
Therefore b _ 1
6Xp - L%zl w. Oy
Nt
b
Therefore 6x ny
2B, B (1)
y }It -] .
Also between y and (y + 8y):-
" _ s _ b _ s _ b
6NB,y = Z(xB Xp,y +6y) Z(xB XB.y)
_ b b
=72 (%3,y = ¥p,y 4+ oy
= =Z. GXE
6ﬁi7 .
B * o 0 2
Then, MEEEX = -7 (2)
Combining (1) and (2):-
GNH
8y Nt
t
My = -Zw [ 4y + ¢
Ng Ny
W ——
— i — i ° — §1
Aty =0, N B,y = NB, nax’ Then c = LnNB’ max
nu -ZW
'(\]'H Nt
B, max
=2y
it — 1"
"B,y % B, max®*P | n,
Then +the total flux of B from the interface,
h
= ¥ d
NB,total Né,y v
0 h
= —wNH -
v | WNBmaxgi exp Z
In AL | o e
n = -y tc : -
B,y N 3 0
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- U -
- NB, max-%ﬁ [exp(;gz
LN

But N¥

e w2 =
B,max flux at y=0, where Xg = 0

o s
= . ZXB

-7
- - - s -—
Then NB, total = Nt X3 [exp ( Nt) 1]
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hAppendix 4&: The nctivity and Free Energy of Solution of Oxygen in

Liguid Nickel

The follosing expressions for free energy of s»lution have been

proposed in recent years:-

Authors ref. AG (cal/y.-atom) axptl. temp range, °c
Averin et al 75 -1806% + 1,03 T 1475~ 1330

Bowers 49 -19000+ 1,49 T 1453 -1697

Tankins et al. 74 - 11920 - 2.28 T 1550

Fisher, sckermann 73 - 25270 % 3.93 T 1465-1700

The velues of the free energy agree well at 1825°K but diverge at

higher terniperatures:-

(o] [e]

Authors :331825 £l$2000
Averin et al. -16185 -16000 ;
Bo rers -16280 -16020
Tani:ins et al. -16080 -16480
Fischer, Ackermann  -16070 -15410

Tankins et al made their equilibrium measurements at one
temperature only and with oxygen contents up to 0.3%.
Deducing that the oxygen activity followed Henry's Law,
they also calculated the saturation contents of oxygen in
nickel for various temperatures. Bowers measured saturation
contents directly and obtained consistently higher values.
This suggests that there is a negative deviation from Henry's
Law; from the differences we can calculate that:
log fo =-0.18 [O}m: approximately.

Bowers measured equilibria over a range of temperatures
and oxygen contents (O - 1.0 %) but also took mno account
of possible non-Henrian behaviour. By a fresh statistical
treatment of his experimental data, we can fit a plane
instead of the existing curve:-

If X is Bower's equilibrium constant
= Pgo, / Pco (o]
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and XK' is a corrected constent = py, / Pyg f,[0]
2
(where fo is the Henrian activity coefficient)

Then: log K

log K' + log fo

= %'+ B+ c [0]
=281 _ 3,355 -~ 0.28 [0)
T

The two estimates of "¢ are in line with the value -0,20
for oxygen in iron quoted by an authoritative text (76).
Young found that oxygen in copper also showed a negative
deviation from Henry's Law (39, cited in 80). Then at
infinite dilution the free energy of solution is corrected
to  lower negative valuescloser to those of Fischer and
Ackermann, The same reasoning could be applied to the
expression of Tankins et al.

The German workers used an electrochemical method

of measuring activities. They did not find any positive
evidence of non-~Henrian behaviour although their highest

oxygen content was only 0.18%. In this range, any errors

due to deviations from Henry's Law would be very small;
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