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A

ABSTRACT

The kinetics of oxygen transfer between gases and liquid silver
were studied in the oxygen partial pressure range of 0 - 1.0 atmosphere.
Nitrogen and argon were used as the diluent gas. Three separate
experimental systems were employed to alter the gas/liquid contacting
configuration. The first involved gas jet impingement of the free
surface of a 17 kg bath of liquid silver. The jet momentum and lance
height were varied in the ranges 0 - 55,000 dynes and 5 - 15 cm .
respectively. The second was a thermogravimetric system in which
20 gm samples of silver were suspended in a gas stream of variable
composition. In céntrast to the jetting experiments, there was no
convective stirring of the liquid silver by the gas stream. The total
pressure was maintained at 1 atmosphere in both these experimental
systems. The third syétem was also based on thermogravimetfy, but
could be operated at reduced total pressure. This permitted critical
experiments to be carried out, which served to elucidate the kinetic
mechanisms of oxygen transfer. For the conditions studied, the
kinetics were controlled by mass transport in one or both of the gas
and liquid phases. Under c.ertain conditions, surface tension driven
convection developed spontaneously in thé liquid phase as a result of
instabilities in the mass transfer process. These specific observations
in a high temperature liqu;id metal systerri were consistent with the
theoretical predictions of the Sternling-Scriven criterion, which has
been supported previously by a body of experimental evidence from

low temperature systems of interest to the chemical engineer.
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CHAPTER 1

INTRODUCTION

The present investigation was originally conceived as a study of
the interaction between gas jets and liquid metals, following on from
the work of Chatterjee (1) and Wakelin(2) in the John Percy Group.
Process m etallurgical research interest in jet/liquid systems is |
stimulated mainly by developments in oxygen steelmaking and various
degassing processes. The previous studies covered aspects such as
jet characterisfics, géé)fnetry of the depression in the liquid bath,
mass transfer at the free surface and so on. Room temperature
analogue studies preceeded Wakelin's and Chatterjee's experiments
with liquid silver. Tﬁe high oxygen solubility and the absence of an
oxide phase at normal pressures make silver attractive for prelimi-
nary gas/liquid metal kin'e_tic sfudies. ~The general strategy was to
proceed to jetting experiments with liquid copper, which would be of
more direct comrﬁe‘rcial interesl, and ultimately work with ferrous
systems. The jettiﬁg prbgramme as a whole ha.s complemented'other
areas of process metallurgical researchAwithin the John Percy Group,
particularly the work involving high temperature gas/metal and slag/

metal reactions.

The previous workérs (1,2) obtained some preliminary results
which suggested that when the g'as is not pure oxygen the gas phase
mass transfer resistance plays a signifiicant role in the overall '
kinetics of oxygen transfer between gases a;ld.liquid silver. The
first objective of the present study was therefore to carry out more
substantial experimentation with dilute jets. The oxygen partial
pressures were selected purposefully to highlight the gas phase-
resistance effect. However, the resu‘lts’ from these experiments

showed that the kinetics were dependent on the direction of transfer
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in a manner which could not be explained by the simple mass transfer

model previously adopted.

Thermogravimetric experiments were therefore initiated in
an attempt to elucidate the reaction mechanism. The small-scale
thermogravimetric apparatus provided the flexibility to carry out
critical tests which could not be readily conducted on the larger-
scale jetting rig. Furthermore, the theoretical and experimental
understanding of mass transfer between liquids and impinging gés jeté.
is severely limited. In contrast, ‘thermogravimetric studies were

based on a simple, well defined gas/liquid contacting configuration.

In a recent review of interfacial turbulénce in liquid metal
systems, Brimacombe (80) has written : ..."our understanding is at
an embryo stage : it is hoped that the present study will stimulate
work on this fascinating subject". Interfacial phenomena from
surface rippling to spontaneous emulsification are certainly important
in numerous processes involving liquid metals, but direct evidence is
unfortunately sparse to date. The thermogravimetric work described
in this thesis resulted in well substantiated evidence for the emergence
of spontaneous surface convection uﬁ'der certain conditions of oxygen
transfer between ga'lses ‘and liquid silver. It was then possible to show
that the mass trans'fér results from the jetting campaign were also
influenced by such convection, which is driven by surface tension
gradients within the gas/liquid iriterfaqe. These observations of
'Marangoni' instébilitiés, which were consistent with the predic-
tions of the Sternling-Scriven criterion (69), aré believed to make a
positive contribution to the subject of interfaciall phenomena in metal-

lurgical processes.
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CHAPTER 2

THEORETICAL BACKGROUND AND PREVIOUS WORK

2.1 Basic Mass Transfer Relationships

In the present work, oxygen absorption and desorption
'experiments were carried out by contacting oxygen/nitrogen gas
mixtures (po2 = 0 - 1.0 atm) with molten silver. Such exchange
of oxygen between gas and liquid necessarily involves a gas phase mass
transfer step, chemical reaction at thewinterface, and a liquid phase -

.mass transfer step.

Figure (2.1) shows the concentration gradients of oxygen in
the gas and tfle liquid in the general case. (Note : a list of symbols
is given at the end of the thesis‘.) Unless the chémical reaction
resistance is expliéitly conside.r‘ed it is assumed throughout this
thesis thét chemical-;equilibrium exists at the interface. In other
words, the chemical resistance is sufficiently less ;than the mass
transport resistances to have no influénce on the overall rate of
oxygen transfer. The logic behind this assumption, given clear
expression. by Hills (20), is that chemicatl effects at high tempera-
ture should only be Seriously considered -when it is clear that

transport phenomena can not explain the observed behaviour.

At equilibrium, oxygen }dissolutiovn in molten silver obeys
Sievert's 1a_w(21,22) where :

Cc = qJ—p- ‘ : (2.1)
At IOOOOC, the Sievert's coné;ca'nt,' q, is 1.76 x 16_3 gm atoms/cm3
atm% (1,22) such that at atmospheric pressure about 10 cc of oxygen
dissolve in 1 gm of liquid silver. The high solubility and absence of

an oxide at normal pressure make the oxygen/silver system attractive

for gas/liquid kinetic studies.
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The diffusional flux equations for quasi-steady state transport in -

the gas and liquid phases are written in terms of mass transfer

coefficients
] 2 kG A
n o= (py, - p*) (2.2)
RT
. ), x _
and n = kL A (C C_b) . (2.3)

The factor 2 in Equation (2.2) relates to the mass balance where one

mole of gas yields two gram-atoms of dissolved oxygen in the silver.

The assumption of interfacial equilibrium allows C* and p*

to be related :

c* = qlp* , . (2.4)

In the particular case of using pu.re oxygen gas, at any total
pressure, there can be no diffusional resistance in the gas phase.
In the absence of a partial pressure gradient in the gas phase,
pb = p*, the overall process becomes liquid phase controlled. The

overall flux, from Equations (2.3) and (2.4) is :

n = k A (qfpp - Cp) : (2.5)

mass balance leads to
Vv dCb

B —— . (2.6)
dt

and combination and integration of the above equations yields the
standard mass transfer relationship.

QJFb-Cb

1n — %t (2.7)
alpy - Cp (t=0)

The ratio (QJP_b -"Cp) / (qJE) - Cy (t=0) ) will hitherto be

designated R for convenience.
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If the liquid phase mass transfer coefficient is constant
. A . .
throughout an experiment, then a plot of In R vs = t will be linear,

\%
with slope -Kl,. ,

In the general situation of dilute gas mixtures being con-
tacted with silver, the gas phase diffusional resistance can not be
ignored. It can then be convenient to expresé t,he rate empirically
in terms of the total ariving force available for absorption or de-

sorption, by defining an overall mass transfer coefficient, kg, -

A= kov A (aTp - Cp) (2.8)

Combining Equations (2.6) and (2.8) gives

In R =-kgy % t (2.9)

This equation becomes identical to Equation (2.7) for the specific
case of liquid phase control of the overall kinetics. In general kg,

will be less than kj,, depending on the relative influence of the gas

phase resistance..
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2.2 Gas Phase Considerations

2.2.1 Kinetic Influence of the Gas Phase Resistance

In any real situation of mixed kinetic control, the influence
of the gas phase resistance can be estimated by solving the individual
flux and equilibrium equations, provided the appropriate data are
avatl_able. Well established chemical engineering theory (24)
indicates the exact effect is dependent on the relative values of kj,
and kG , and the slope of the equilibrium line relating the gas and
liquid phase concentratlons of the transferred species. Since the
- oxygen/silver system obeys. Sievert's law, the equilibrium relation-
ship is not linear and the slope varies w1th concentration. Thus the -
degree to which the gas phase resistance 1nﬂuences the overall rate
is not constant but a marked function of the eoncentration levels

operative during an experiment.

Chatterjee and Bradshaw (10) have ptese.nted a mathematical
treatment which gives a genezalized appreciation of the interplay of
the gas and liquid phase transport resistances. In combining the
basic flux equation's (2.2, 2.3, 2.8) and the equilibrium relation—
ship (2.4), the unknown interfacial concentration terms, p* and C*
and the rate of transfer n are eliminated. The essential feature of
these workers' solutiqn is the definition of appropriate dimensionless
parameters which reflect the degree of gas phase resistance, the
driving force and the transport properties of the system. The

solution is applicable to any Sievert's law system.

The dimensionless parameters are :

N - v | (2.10)

TL = | o) (2.11)
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' q kp, RT
= (2.12)
2 b kg ‘
92 Kk, RT .
£ - —L (2.13)
2Cy kg

The term 7\ will have a value of 1.0 for liquid phase control, and will
otherwise be less than 1.0 . Since Equations (2.8) and (2.10) combine

to give

i=Nk A (app - Cp) (2.14)

it is clear that 7\ is the ratio of the rate per unit driving force in a
mixed control situation to the maximum rate associated with liquid

phase control. ]\ is therefore a dimensionless rate constant.

Reference to the equilibrium relationship, Equation (2.1)
indicates that 'Y‘L is a dimensionless driving force that will be equal to
1.0 at equilibrium, less than 1.0 during desofption and greater than
1.0 in absorption. The pararheters ¢ and 8 reflect the relative
resistances of the gas and liquid phase mass transfer steps. ¢ is

written in terms of py whereas e is written in terms of Cy.
The solution can be written as follows :

(.Qz.ﬂ'%—--!-l - %—1—-}[)

4

N = (1_%—) (2.15)
N - {%*'84':%2' B (.%_”*"1) 16




(—%— — 1) (2.17)

Some interesting limiting cases can be derived ; for instance :

Limit 7\¢->06' = ] - %—[ (l'*"é" -1 (2.18)

which corresponds to desorption with an inert gas such as nitrogen

or argon. At equilibrium,

Limit M“"l'o = €42 (2.19)

SN

i\

Qb +2 (2.20)

The most suitable form of the solution will be dictated by the
information available and the experimental conditions. Equations
(2.15) and (2.17) are of particular interest in the present work and

are shown graphically in Figures (2.2) and (2.3).

A decrease in 7[ implies an increase in the kinetic influence
of the gasphase mass transfer step. Figure (2.2) shows that the gas

phase resistance is increased by

(i) a reduction in Py (which increases ¢ and "q, )

(ii) a reduction in Cp, (which increases 'Yb )

. .k
(iii) a reduction in O (which increases ¢ )
Ky, )
and (iv) an increase in the solubility, i.e. by g (which

increases ¢ and'Y‘L ) -

Furthermore, for a particular value of ¢ (representing

experiments at constant hydrodynamic conditions and oxygen content



. oioh

08

190
d =01
=05
ost| N\ . - ~ P =10
z . . : ' .
=
o .
m
0Lt = - P=20
5 |
8 » .
- ' =5-0
' ABSORPTION 4
DESORPTION ; o | | b =150
1:0 M, 20 5 30

. FIG.22 RELATIONSHIP BETWEEN AN, AND @

-0~



RELATIONSHIP BETWEEN A, G AND &



- 12 -
in the gas), 7\ will be greater in desorption (’!L< 1) than in
absorption ('YL> 1). Thus a situation where the transport mechanism
was independent of the direction of transfer would display an apparant
asymmetry between absorption and desorption, if the results were

viewed in terms of a plot of
k
ov VS -p02-

A further point to note is that since TL is not constant at a
particular value of ¢ , a plot of InR vs § t (Equation 2.9) would
not_be linear despite the process being mass transfer controlled.

- This effect is likely to be more pronounced in desorption experiments.
The slope (-kgy) would decrease in desorption, but increase in
absorption, the extent of the cl?.anges depending on the range of 41, .

Clearly the linearity or otherwise of such plots is'not a critical test

of the influence of mass transfer or chemical kinetic effects.

2.2.2. Bulk Flow

The diffusjonal transport of oxygen through inert gas such as
nitrogen induces a measure of convective bulk flow in addition to the
diffusion mechanism. Thus the teli;m kg has a bulk flow component,
which is dependent on the oxygen hcontent of the gas and the rate of
transfer. It is therefore convenient to define kg as the gas phase
mass transfer coefficient in the absence of bulk flow. Since kg
should be independent of c.oncentrétio.n of transferring species it is a
more fundamen’gal reﬂeétiop of the hydrodynamic condition of the gas.
Bennett and Myers (24) give the following api)réximate relationship

A between kg and kg :

@ - K (- e

where xp is the mole fraction of the reactive species in the gas phase,
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and the subscript lm implies the logarithmic mean of conditions in the

bulk gas and at the interface. Since xp = PA , for oxygen transport

at 1 atmosphere PTO'\’
p* - pp
, In_1-Pb
-’ 1 — p*

The effect of bulk flow is negligible for very dilute gases, and very
pronounced in concentrated gases such that there is no gas phase

resistance in a pure solute gas.

The flux equation for gas phase transport must include the
effect of bulk flow, but this can be separated from the diffusional

component by rewriting Equation (2.2) in terms of k%

2 kit A
n = & (pp - P*) (2.23)
RT (1 —poz)lm

2.2.3. Jet Characteristics

The experimental work discussed in this thesis involved the use
of subsonic gas jets, with Mach numbers up to 0.8, issuing from a
quadrant shaped nozzle at temperature pf approximately IOOOOC.
Gas expands in an essentially isentropic manner through such a
nozzle, with the increase in velocity being accompanied by a drop in
pressure and temAperature. The temperature and pressure drops are .

linked as follows (24):

%=1 /
Ty [P ¥ .
T, |{Py ' (2.24)

Where X is the ratio of the specific heats, and is 1.4 for ideal gases.
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For isentropic flow the theoretical velocity reached at the

nozzle exit plane is given by (24)

up = 2 g—1 RT; | 1 _(_rg) ! (2.25)

Where subscript 1 refers to a plané upstream of the nozzle and 2 re-
presents exit plane. The nozzle discharge coefficient is the ratio of
the actual jet velocity at the nozzle exit plane to the theoretically

predicted one :

Vy = C4 up (2.26)

For nozzles identical in design to the one used in the current inves-
tigation, Wakelin (2) measured the discharge coefficient to be 0.92
- 0.95 for oxygen jets, and 0.97 for carbon dioxide jets, all at room

temperature.

The jet structure is schematically depicted in Figure (2.4).
Immediately beyond the nozzle exit., a region of intense shear exists
at the boundary of the jet and the surrounding gas4. The shearing
action causes eddies to diffuse i'nto.the jet, thereby promoting mass
entrainment of the surrounding gas. The conical shaped region below
the nozzle exit, where the velocity is still unaffected by entrainment,
is called the potehtial core, with the ifelocity equal to Vjy. The length
of the potential core has been reported té be between 3 - 7 times the

exit diameter of the nozzlé (4,5, 6).

A feature of free gas jets is the momentum is conserved,
making the momentum a suitable term to characterise the jet. The

momentum at any plane®, parallel to the nozzle exit plane, is given

by (1)

b
1\’4:2'{({/}6 V2 r dr (2.27)
o .
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which, for the nozzle exit plane is

M = ﬁ‘lJ Vy (2.28)
Where subscript J refers to the exit plane.

Mass balance and simple rearrangement yields :

4 thy2 RT
TPy Mw a2 (2.29)

After a small transitional fegifne, downstream of the potential core,
there is established a region of fully developed flow, where the decay

in the centre line velocity due to mass entrainment is given by (23) :

Voo g, 4 (2.30)
Vy X

and the corresponciing increase in mass flow is (23)
m - 2 x '
mo_ 2 X 2.3

The radial profile of the jet in established flow regime can be related
to the centre line velocity at any distance from the jet origin (23,25) :

2
Y = exp -2 (Kl E) (2- 32)
Vs X :

Wakelin (13) found K, to vary from 6.2 - 8.6 in the Reynolds number
range 8 - 51 x 103 ‘indicating that it is not entirely satisfactory to

assume kinematic similarity for all free jets.
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2.3. Liquid Phase Mass Transfer

2.3.1 Molecular Diffusion

Molecular diffusion represents the lower limit of liquid phase
mass transfer. Any forced or natural convection results in higher mass
transfer rates. Unsteady state molecular diffusion is described by
Fick's second law, thch can be solved for the boundary conditions

associated with the particular experimental procedure adopted.

Consider the case of oxygen tfansfer by diffusion into a pool of
quiescent silver of depth '1'. The oxygen is initially distributed
evenly throughout the silver pool. At the start of an experiment the
gas/liquid interface is brought iﬁstantaneously to equilibrium with
gas of known oxygén partial preésure, .an‘d the interfacial concentration
subsequently remains constant. No 6xygen can diffuse through the
base of the crucible. The solution of this problem is analagous to
that for diffusion to tﬁe central-line of a sheet of thickness '21 ' when
both plane surfaces have been equilibrated with the vapour. For these
boundary conditions, Craﬁk (36) gives a solution in terms of the overall

rate of solute uptake :

oo ' 2 .2 .
Mt _ 8 é 1 ' exp _DAB (2m+1) 'n' t
- = -5 2 2
Mass T = (@m+D) . 41

(2.33)

where M; is the total weight of vapour absorbed after time t and M,

is the amount corresponding to equilibrium, after infinite time.

It can be readily shown that :

1-Me_aym -C - - R (2.34)
Mos qﬁg; —'Cb(t':O) ’

Where Cp is the average oxygen concentration in the silver.

Equation (2.33) can therefore be written
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8 -Dap 172t 1 - 8 Dpp 74t
R = - exp 1 + = exp ‘
L) 412 9 412
- 24 Dpp 112t 1 - 48 Dpp 12t
+ = - eXP ———F——— cecenee .
55 ©XP o t fo exp 2
(2.35)

For sufficiently long times for _lé‘?_?,OS’the solution reduces to :

D 2¢
InR = In—o - __ﬁl_ (2.36) -

2 412

2.3.2. Forced Convection Induced by Gas Jet Impingement

When a gas jet is directed onto the surface of a liquid,a dep-
ression is formed. The gas is deflected radially from the central
impact region (stagnation point) and circulation in the liquid is -
induced by the drag between the radially flowing gas and the liquid
surface. At sufficiently high jet velocities liquid droplets are
sheared from the lip of the depression and splashing results. The
depths and shapes of dépressions have received theoretical and ex-
perimental attention from previous wbrkers 'in the John Percy
Research Group (1,'2) who include detailec.i coverages of the relevant
literature. On the basis of stégnation bressure.analysis, the depth

of depression is satisfactoriiy describéd by :

2 i
o n 115" M~
— (1 + =0 = AT 2.37
{ . h) T O, gnd ( )
There is a critical depth of depression, dependent mainly on liquid
properties, at which splashing commences, and Chatterjee and
Bradshaw (1,15) used dimensional analysis to determine the

correlation :
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4
g 3 9
({;)L) ne = 0.53 1097%%115 + 11.33 (2.38)

The forced convective mass transfer process at the free surface will

depend on the fluid flow pattern induced in the liquid by the jet
action. Water model studies by Wakelin (2,13) indicated a relatively
fast sfream of liduid moving radially outward close to the surface.
The overall circulation pattern corresponds to a toroidal vortex,
essentially occupying the bath volume, with small stagnant regions.

Figure (2.5) depicts a typical circulation pattérn in water (2,13).

Wakelin prbposed a mass transfer mechanism of surpace
renewal based on the radial velocities at the free surface. Bradshéw
and Chatterjee (16), using a Hot Wire Anemometer established that
surface velocities were inversely proportional to radial position,
i.e. (Ur XT) = cdnstant. "Similar flow pattérnswere proposed by
Machlin (18) for inductively stirred melts. Simple surface renewal
theory for these conditions (2, 16, 18, 19) énticipates a liquid phase

mass transfer coefficient of :

Ky, ;[% (Upxr) DAB}f Flb , (2.39)

where rp is the bath radius.

Chatterjee and Bradshaw (16) conducted mass transfer
experimenfs by absorbing COZ‘ info water at various jetting
intensities. Predict»ions‘,f k;, based on the abové model and measured
values of (Ur x r ) were in excellent agreement with practical

results.
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The model implies that there is no significant additional

surface renewal by turbulent transport from the bulk of the bath to the
free surface. Consistent with this, Szekely et al (63,64) theoretically
determined that in such a system the turbulent energy is concentrated '
in the depression region, and that the bulk of the circulation could
be regarded as laminar. These workers suggest that an impinging
gas jet is inherently a poor means of agitating liquid pools. In fact,
when jetting molten éilver under similar conditions, it is found that
the jet action at all but the highest momenta is insufficient to keep

the bath evenly mixed (1,2).

The simple surface renewal model cannc;t be compared with
mass transfer results from jetting experiments with liquid silver,
since no information on surface velocities pas been obtained.
However, the model provides at least a conceptual frame of
reference for considering forced convective mass transfer associated

with jet action.
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2.4 Kinetic Studies in the Oxygen/Silver System

2.4.1 Diffusion in Quiescent Silver

(a) Absorption

Molecular diffusion of oxygen into unstirred liquid silver has
been the subject of considerable study. Mizikar, Grace and Parlee (26)
employed a diffusion cell where a column of stagnant liquid silver
was held in a quartz capilliary (1.5 - 3.0 mm diameter) and the rate
of oxygen absorption was monitored in-the gas reservoir above the
silver by buret and sensitive manometer. Parlee and Siebel (27)
obtained results in agreement with the capilliary work, when using
cells as large as 17 mm diameter. Parlee and Shah (28) further
consolidated the techniqué, with improved accuracy. An alternative
approach has been to hold the silver inside a zirconia tube which
serves both as a container and as a solid electrolyte. The oxygen
concentration in the silvér during absorption is measured by the
electromotive force generated across the solid electrolyte. Values
of oxygen diffusivity have been measured in this manner by Masson
and Whiteway (30) and others (32,34) and refinements in the
theoretical treatment of the electroly:te behaviour have been carried
out by Oberg et al (29) and Sano et al (33). Besson et al (31)

employed a thermogrametric method.

The results of all those workers showed oxygen absorption
to be kinetically controlled by molecular diffusion in the liquid
silver, which in the unsteady state region is described by Fick's
second law (36). Vehlo (35) modified the gas reservoir diffusion
cell of Parlee and co-workers (26, 27, 28) to enable steady state

mass transfer of oxygen into silver to be studied.

The results of diffusivity data are summarized in Table 2.1 .
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TABLE 2.1

Oxygen Diffusivity in Liquid Silver at 1000°C

Ref o Experimental Do/Ag
erenc Technique (cm?2/sec x 10° )
26 gas reservoir 8.9
diffusion cell
27 " 9.4
28 " 9.7
30 solid electrolyte 10.2
cell

32 " 14.6
29 " 10.7
33 " 9.5

31 thermogravimetry 12.5
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The value of Dg/pq reported in reference (32) is not in good agree-
ment with the other results obtained using solid electrolyte cells and
the single thermogrametric result appears high. Thus the average
value of Dg/pg at IOOOOC, ignoring the high values in reference (31)
and (32), is found to be

Do/ag = (9:7 + 0.6 RMS) x 107 em2/sec.

(b) Desorption of Unstirred Silver

The diffusion data with quiescent liquid silver relate to dxygen
absorption experiments. Only Masson and Whiteway (30) include
results for desorption experiments under otherwise identical
conditions. Oxygen saturated silver was desorbed by passing argon
gas through the reaction tube. They report that desorption rates
per unit driving force were about five times faster than the corres-
ponding absorption rates. This clearly implies the existence of
convection in the liquid silver. Since the top of the silver column
was maintained slightly hotter than the bottom, it was argued that
such convection could not be driven by temperature gradients.
Masson and Whiteway attributed the convection to variations in
density associated with oxygen concentration gradients in the silver.
There is no record in the literature of the effect of oxygen solution
on the density of liquid silver, and Masson and Whiteway were unable
to provide experimental evidence for their postulation. Desorption
rates were not far below gas phase diffusion rates, which suggested
that the enhanced liquid phase transport had thrown kinetic control

into the gas phase.

2.4.2 Oxygen Transfer with Inductively

Stirred Liquid Silver

(a) Absorption

The intense convective stirring associated with induction
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heating gives rise to greatly accelerated liquid phase mass transfer.
Zoellner and co-workers (37, 38, 81) studied the absorption of
oxygen into indug:tively stirred liquid silver in the temperature
range of 1060 - 1180°C with 10 - 20 gm silver samples. The
reaction was monitored by sensitive manometer and burrette. The
mass transfer results extrapolate to a value of kj, at 1000°C of
0.9 x 1072 cm/sec. With a similar experimental system, Utine and
Parlee (39) obtained the slightly higher-value of ki, of 1.58 x 10-2
cm/sec, but attributed this difference to alterations in induction

'coupling', which influences the degree of liquid stirring.

Mori et al (40) employed both resistance and induction
heating. Oxygen gas was blown onto thé surface of 210 gm silver
samples and the absorption rate monitored with a solid-electrolyte
probe. The value of ki, at 1OOOOC was 1.4 x 10'2 cm/sec when
using induction alone, and 1.2 x 102 cm/sec when including some

resistance heating.

(b) Effusion (desorption by reducing total pressure)

In addition to absorption data, Utine and Parlee (39)
reported the results of effusion exiaeriments with inductive heating.
The liquid silver was broﬁght to equilibrium with a particular
oxygen total préssure, and then desorption was made to occur by
reducing the total pressure. Pressuresin the range 0.47 - 1.0 atm
were investigated. During effusion the gas was always pure oxygen
such that there could be no diffusional resisfance in the gas phase.
The values of kj, for effusion were equal to those for absorption,

within experimental scatter.

2.4.3 Oxygen Jetting of Silver

Chatterjee, Wakelin and Bradshaw (1, 2, 13, 14, 17)

studied the absorption of oxygen from pure oxygen gas jets directed
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vertically onto the surface of liquid silver at a temperature of 1000°C.
Subsonic jets were discharged through a converging nozzle (2.5 mm
exit diameter) in the range of jet momentum of 3,000 - 56,000 dynes.
The height of the lance above the silver surface was varied between
5 and 25 cm. These conditions were reported to be predominantly in
the non-splashing region. The crucible contained approximately
20 kg of silver having a free surface area of 182 cm? Oxygen
concentrations were recorded continuously by a solid-electrolyte
probe. A mechanical stirrer kept the bath homogéneous, but was
shown not to alter _absorption', rates at the silver/oxygen interface.
The results (14) are summarized in Figure 2.6, which show the
average mass transfer coefficients, célculated on the basis of the
total interfacial area of 182 cm?‘ . The mass transfer coefficient
was strongly dependeht on jet momentum, and only mildly depeﬁdent
on lance height. During so}ne expe;‘iments the silver surface was
disrupted by the jet, but this did riot' lead to a marked change in mass
transfer coefficient. Howevér, none of the experil-'nents extended |

far into the splashing region.

The absorption data were obtained under essentially iso-
thermal conditions, with both the jet and the silver temperature
being about 1000°C. The mass transfer coefficient was not seriously
altered when the jet temperature was reduced to 6000C , provided
the momentum was maintained constant and serious thermal gradients
were avoided in the liquid silver. The local mass transfer coefficient
is likely to be far greater in the central regions of the bath, due to
the action of the impinging gas stream. Wakelin (2, 14) was
effectively able to blank off varying extents of the-outer region of
the free surface area, by placing "f”;.berfrax " annuli on the silver
surface. For a jet momeniurr; of 56,000 dynes and a lance height
of 10.5 cm, 80% of the total absorption was found to take place in

the central 25% of the surface area. The results, summarized in
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Figure 2; 7, anticipate sharper decline in radial surface velocity than
would be expected for U x r = constant, see Equation 2.39. This
suggests that, in contrast to the water studies (16) , the jet action
probably induces a toroidal vortex which does not extend to the walls

of a crucible of this size (15 cm diameter).

2.4.4 The Importance of Gas Composition

Chatterjee and Bradshaw (1, 10) and Mori and co-workers
(40, 41) have studied the inﬂﬁenée of gas composition on the kinetics
of oxygen transfer between liquid silver and a gas phase containing
oxygen and nitrogen or argon. The rates per unit of overall driving
force decrease as pg, decreases, such that the kinetics can not be
explained in terms of simple liquid phase control. Chatterjee and
Bradshaw (10) attributed the effect to the gas phase mass transfer
resistance, whereas Mori et al (40) assumed the chemical reaction
at the interface was influencing the overall rate. Chatterjee (1, 10)
carried out abso'rption and desorption experiments with gas jets in
which the oxygen partial pressure was 0.1 and 0.2 atm and nitrogen
was the diluent gas. The apparatus was the same as described in |
Section 2.4.3 for pure oxygen jetting experiments. Values of kg
were measured for each run, see Equation (2.9). The value of kp
was assumed to be the éame as previously'de'termined at the par;
ticular jet momentum and lance height under conditions of liquid
phase control, see Figure 2.6. " The relationéhip developed between
R ’rL and d), see Equations (2.15) to ( 2.17), was then used to
calculate kG for each run. The likely influence of bulk flow was

also estlmated see Equation (2.21), to give values of kGl . The

results are summarized in Table (2.2).

In absorption experiments, the average value of 7‘\ for air
jets was 0.82, and for jets with p02 = 0.1 atm it was 0.71. These

results are consistant with the mechanistic interpretation of a gas
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M is in dynes x 10-3

h is the lance height in cm.

kg, is in cm/sec x 10° and is obtained
from previous data, see Figure (2.6)

Koy is in cm/sec x 103 and is measured
from the experiments

k& is in cm/sec.

Series A : Pg, = 0.203 atm,ﬂlinitial 3.98, ABSORPTION

Series B : p02 = 0.1 atm,'ll/ initial 2.78, ABSORPTION

Series C : P05

0.405, DESORPTION

0.203 atm, '!'L initial

Series D ‘P, = 0.1 atm,”Linitial = 0.316, DESORPTION

'rL values listed in Series A & B are final values
’rL values listed in Series C & D are average values

A , ¢ and kg values are all average values
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TABLE 2.2

Absorption and Desorption Data from

Experiments using Dilute Oxygen Jets (10)

Run M ho| K Koy M Iy ¢ ke
A1-| 8.0 | 11.5 '] 6.15 4.67 | 1.45 | 0.78 | 0.52 1.97
A2 | 8.0 7.5 6.68 5.65 1.35 | 0.85 | 0.34 3.29
A3 8.0 5.0 .| 7.20 5.85 1.33 | 0.81 | 0.44 2.85
A4 | 15.0 | 21.0 8.15 6.82 | 1.44 | 0.83 | 0.39 3.46
A5 | 22.0 | 11.5 11.16 9.10 | 1.33 | 0.82 | 0.44 4.78
B1 8.0 | 18.5 5.2 3.45 1.58 | 0.66 | 0.94 1.47
B2 8.0 7.5 6.68 4.71 | 1.47 | 0.70 | 0.74 2.30
B3 8.0 5.0 7.20 5.55 1.32 | 0.77 | 0.56 3.46
B4 | 15.0 7.5 10.35 7.47 | 1.23 | 0.72 | 0.71 4.02
B5 | 56.0 | 10.5 14.70 10.24 | 1.17 | 0.69 | o0.82 4.81
c1 | 15.0 | 21.0 8.15 7.23 | 0.51 | 0.89

cz2 | 22.0 11.5 11.16 12.57 | 0.58 1.12

D1 8.0 | 18.5 5.20 3.46 | 0.38 | 0.67

D2 8.0 7.5 6.68 4.89 | 0.39 | 0.73

D3 | 15.0 7.5 10.35 10.48 | 0.44 | 1.01
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phase transport influence on the kinetics, since values of kg in the
range 1.47 - 4.81 cm/sec are physically realistic. However, with

desorption, two of the five experiments suggest values of k,, equal

\4
to, or greater than, kj, i.e. )\ = 1.0 . Chatterjee and Bradshaw
attribute this to experimental scatter, although it should be borne in
mind that from an operational point of view, desorption runs are as

accurate as absorption runs.

Mori et al (40) studied absorption and desorption rates with
oxygen/ argon mixtureé ranging in éxygen partial pressure from 0 -
1.0 atm. Gas was blown at 1 N1/min onto the surface of a 210 gm
sample of inductively heated liquid silver. The ga's emerged from a
1.0 cm diameter tube at a height of 1 cm’ above the silver. Calcu-
lation indicates this corresponds to a jet momentum of 1.55 dynes,
compared to the 8,000 - 56,000 dynes employed by Chatterjee (1,10).
Under these circumstances the gas is 'responsible only for supplying
reactant, and all the liquid phase stirring would be due to the
induction heating. Figure (2.8) shows the results of these workers in
terms of the overall mass transfer coefficient as defined in the
present study, see Equation (2.9). As the gas l?ecomes less concen-
trated in oxygen k;)v tends to be reduced. Although the results show
some scatter, there is no significant difference between absorption
and desorption experiments. Within limits of experimental accuracy
the kinetics can be explained mathematically by the combination of

two rate equations' proposed by Mori et al :

e

= kg .A' (C* - Cb) (2.40)

De

and = ko A (ng - C*~2) (2.41)

Equation (2.40) corresponds to liquid phase mass transfer and is

equivalent to Equation (2.3) above. From Sievert's law one can
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write
c2 = 2p (2.42)

such that equation (2.41) can be rewritten as

no=ky, A (py-p*) (2.43)
which is mathematically equivalent to the equation for gasphase mass
transfer, Equation (2.2), where

2kg = ko q2

RT

(2.44)

Thus, the underlying mathematical treatment of results is
similar for both Chatterjee and Bradshaw (10) and Mori et al (40).
In contrast to Chétterjee's and Bradshaw's conclusions, Mori et al
assumed that the gas flow rate was sufficient to preclude the possibility
of a significant gas phase resistance and attributed the second order
resistance to the chemical reaction at the interface. The alternative
mechanistic interpretations lead to one additional difference between
these workers. Because of bulk flow, the gas phase resistance
concept of Bradshaw and Chattérjee indicates that absorption experi-
ments with pure oxygen would correspond to simple liquid phase
control. Mori et al assumed a constant value of ko, and therefore
postulated that even pure oxygen absorption experiments were
controlled by a combinatioﬁ of ihe liquid phase mass transfer

resistance and the chemical reaction step at the interface.

2.4.5 The Effect of Surface Movement

During their experimental campaign, Mori et al (40) claim to
have observed that under certain conditions the surface movement of

the molten silver was retarded, which resulted in lower mass transfer
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rates. In subsequent investigations (42,44) these workers found that
retardation occured during desorption of silver of high oxygen con-
centration by pure argon gas streams. The surface movement re-
covered when the oxygen concentration of the melt became low. In
absorption experiments with pure oxygen gas, no retardation was
observed. The value of kL for the ‘mobile' surface was 4 x 10—2
cm/sec, and in the range (0.6 - 2) x 10™2 cm/sec for 'retarded’
surfaces. Slightly gli.ffereht quantitative results were obtained when
using alumina or sintered mullite crucibles.

Mori and Sano (42,44) postulated that an uneven distribution
of oxygen concentrafion on the surface, leading to uneven distribution
of surface tension, was responsible for the observed phenomena, and
presented an analysis relating the interfacial shear stress to the

surface tension gradients.
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.

2.5 Marangoni Phenomena and Spontaneous Convection

During mass transfer between two fluid phases solute
concentration or temperafure gradients may produce surface tension
or bouyancy instabilities which can result in interfacial movement.
Convection driven by surface tehsion gradients is referred to as
Marangoni Convection, named after a nineteenth-century Italian
scientist who correctly interpreted such phenomena (82). Density
driven movement is usually called natural convection. These forms
of spontaneously developed coﬁvection can be important in inter-
phase mass transfer even at high level s of forced convection,
precisely becauée they are generated at the interface where the
main resistance to transport lies. For instance, in previous work
by the present author (75, 76, 77) , density driven natural con-
vection was shown to be the likely. controlling mechanism of éurface
renewal for zinc mass transfer during vacuum distillation of the
circulating lead of a zinc blast-furnace, despite the high Reynolds

number of the flowing lead.

Marangoni phenomena are associéted with fluid flow at a
surface resulting from intérfacial tension 'gr:‘adients within the .
interface itself. Surface flow produces traction on lower layers
of fluid. If the depth of the fluid is much greater than the depth )
of penetration of the surface moverﬁent, then such surface flow
can develop into surface renewal, which influences the mass transfer
coefficient. If the depth of penetration is comparable to the fluid
depth then surface movement can effect the interfacial area(48).
Coalescence and dispersion of liquid surfaces are influenced by
such Marangoni 'thin-film' behaviour. In facta spectrum of
phenomena, from gentle surface rippling to spontaneous emulsifi-
cation, can be seen to be initiated by Marangoni effects (91,92,93). -

Sawistowski has published several excellent review papers on

Marangoni phenomena (47, 48, 68).
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In most gas/liquid and liquid/liquid systems the surface
tension decreases with increases in solute concentration and
temperature, and with surface density of electrical charge.
Marangoni i)henoména can therefore be associated with processes
of mass, heat and electron transfer across an interface. The
former is normally the more important since surface tension
- usually displays the greatest sensitivity to solute concentration.
(It is well known that the internal circulation of bubbles can be
inhibited by the opposing surface tension force produced by the
compfessed film of surfactants sweﬁt to the fail end of the bubble,
but the present study is concerned with systems where the surface

active solute is itself being transferred across the interface.)

A precondition for the emergence of spontaneous convection,
namely a dependence of density of surface tension on solute
concentration and/or temperature, is met in the oxygen/silver system.
Eremenko and Naidiéh (52, 53 55) and Bernard- and Lupis (51) have
studied the effect of oxygen concentration on the surface tension of
liquid silvér and the results of thé latter, which are more reliable,
are presented in Figure 2.9 . Furthérmore, the existence of
surface phenomena under certain conditions of oxygen transfer
between gases and molten silver is suggested by the experimental
results of Masson and Whiteway (30) and Mori et al (42, 44), see
Sections 2.4.1 and 2.4.5 above.

The éppea'fance of convective in'étability should not be
confused with its ultimate intensity. 'I'hére is no satisfactory
theory for predicting the intensity of Marangoni convection and
thereby the effect on niaés transfer rates. However, very con-
siderable progress has been made in determining criteria for the

appearance of instabilities (68).
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The theoretical treatment of Marangoni convection is based
upon hydrodynamic stability theory. Even in a quiescent system there’
always exist srhéll perturbations in concentration and temperature,
which can give rise to infinitesimal fluctuations of surface tension
within the interface. These in turn can give rise to small flow
disturbances, to which the system can react in three ways. The
system will be hydrbdynamically stable if the disturbances are
damped by internal friction. The second possibility is that the
flow will develop an interf.acial tension gradients in the opposite
direction to the original, in which case the system will by hydro- .
dynamically stable. However, if the induced gradient is greater
than the original the system can 'over react' in which case
oscillatory instability results. The third possibility is that the
system actually amplifies the initial perturbations and they grow
into convective cells, ultimately capable of promoting surface
renewal. Convective instability is also known as stationary,
cellular or roll-c;éll instability. Surface tension induced cellular
convection has frequently been ob'served'experimentally in

chemical engineering systems (68, 84, 85).

2.5.1 Convective Instability duriné Mass Transfer

The question of whetheAr'small flow pertubations grow
during mass transfer into roll cells and persfst as such depends
on the rate of supply of solute to and its removal from the region
of the interfacial flow. This is a function of the relative diffusional
transport rates in the two phases’and 'will be affected by the relative
depths of penetration of the surface flow into the two bulk phases.
In fact the appearance of instabilities for i.nitially quiescent fluids

has been shown to be determined by four primary factors (47, 68)

oY
oC

(i) the sign of
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(ii) the direction of mass transfer,

(iii) the ratio of the molecular diffusivities

of the solute in the two phases, and

(iv) the ratio of the kinematic viscosities of

the two phases.

The absolute values of —a—c—:- and the trangport properties are
secondary factors, since they influence the ultimate magnitude of
an instability, but not its appearance. Other secondary factors
are the concentratit)n levels of the solute in the two phases, the
yalue of the distribution coefficient and any properties which effect
the rheology oi a surface. If the fluid phatses are not initially
quiescent, the nature of the existing field will be important, seé

Section 2.5.2 .

Consider the case below, in which a local reduction in
surface tension (i.e. a local excess of solute if 2C < 0 )
in the region marked 'a' in the interface has produced a flow

perturbation from 'a' towards 'b'.

Phase 1

Dy
o

of Transfer

oo
O=<
A
®)
ee®

Phase 2



- 41 -

Certain inituditive predictions are possible regarding the.
influence of the primary factors on the fate of the surface flow
perturbation (68) . Consider steady state transfer of solute from
phase 2 to phase 1, where the volumes of the two phases are equal

or large, and %g—‘ < 0.

If the kinematic \}iscosities of the two phases are equal then
the traction caused by the interfacial fllow will tend to draw fluid
from the éame depth'of benetration in each phase. From the
direction of transfer it follows that fluid arriving at point 'a' from
phase 2 will be richer in solute than the average for the interface,
whereas fluid arriving' from phase 1 will be of lower solute con-

Uy

centration. Since - = 1,the net result will depend on the relative
2

diffusivities in the two phases since these dictate the steepness of '
the cé‘ncentration gradients. If Dy < D1 the net effect will be to
maintain a local enrlchment of solute at regwn a . As the fluid
flows towards reglon 'b! the higher value of D1 will ensure that
this local surplus is reduced, with a correspondmg increase in
local surface tension. Thué the mass transfer process serves to
develop a surface tension‘force in the »interface causing flow

which reinforces the original perturbation.

If, on the other hand, D, <D, the net effect will be to
create a local deficiency in solute (relatix're to the average for
the interface) which will be restored as the ﬁuid moves towards
'b'. The ensuing surface tension grédient will induce flow
~ towards 'a' and thereby oppose the original flow disturbance.
The system will therefore be stable unless 'overreaction' leads to

oscillatory instability.

If the kinematic viscosities are not equal then fluid from

different depths of penetration will be brought to the surface by the
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traction associated with the surface flow from 'a' to 'b'. If the
diffusivities are equal then the net rate of supply and removal of
solute from region 'a' will depend on the relative kinematic
viscosities alone, provided the phases are initially quiescent. A
net surplus of solute will exist if Vz = V; , since the flow field is

‘ deeper in phase 2, the phase of higher solute concentration. The
excess solute concentration will be reduced with time at the
interface as the fluid moves towards region 'b'. In these conditions
the induced surface tension force will amplify thé original flow dis-
turbance and convective instability will result. The position would

be reversed if ¥; =>7; and the system would be stable.

The above arguments will be reversed for transport in the

opposite direction (1 — 2). . “ S

In a real situation it is unlikely that either the diffusivities
or the kinematic viscosities would be equal. If the independent
effects of the diffusivity and viscosity ratios suggest instability,
then the combined effect will be one of convective instability.
However, if the diffusivity and viscosity ratios are working in
opposing tendencies, then no intuitive predictions can be made.
Table 2.3 summarizes the qualitative considerations and is derived

from a similar tabulation by Sawistowski (68).

It is apparant from 'thé above cdnsi&erations that for a
system where 'g—g‘ <0 (such as ok'ygen/silver) , the system will
be convectively unstable for sblute transfer out of the phase of
lower diffusivity and higher kinematic viscosity; This is known
as the Sternling-Scriven criterion (50, 70). Since the diffusivities
of solutes in gas‘es‘ are orders of magnitude greater than in liquids
the criterion predicts sfability for gas absorption and convective

instability in desorption.
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TABLE 2.3

The Appearance of Marangoni Instabilities

Relative Transport

Transfer 2 -—>1

Transfer 2 =1

Properties _g_b'_ 0¥
P c=0 ac <0
» or } or
'%1- %3- ) Trans%er 1—2 Transfer 1—2
2 2 <
¢ <0 5 =0
1 1 Stable Stable
<1 1 Convective cells Stable or
oscillations
1 <1 Stable Convective cells
>1 1 .Stable or - Convective cells
oscillations '
1 >1 Convective cells Stable
<1 >1 Convective cells Stable or
“oscillations
>1 <1 Stable or Convective cells
. oscillations
<1 <1 No intuitive predictions;
>1 >1 need mathematical analysis
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These general, intuitive arguments do not allow the influence .
of the secondary factors to be assessed, nor can the outcome be
predicted for the situation where the primary transport factors.
(diffusivity and viscosity ratios) tend to work in opposition.
Sophisticated, hydrodynamic instability models, such as that of
Sternling and Scriven (50) , have been developed to analyse these
complex problems. The mathematical treatments, which are well
reviewed by Sawistowski (68), support the intuitive predictions
of criteria for the emergence of convection. But the detailed
solution makes possible a further distinction between the diffusion-
controlled mode of convective instability (where the diffusivity
ratio is the determining factor) and the flow-controlled mode of
convective instability A(whe're the viscosity ratio is the significant
one), and can predict thé behaviour of the system when the
diffusivity and viscosity effects oppbse each other. It is seen that
in such a case the system may be unstable in both directions of
solute transfer, resulting in a diffusion-controlled convection in one
direction and flow-controlled convection, Wthh in most cases is

oscillatory, in the other.

Since the pioneering work of Pearson (57) and Sternling. and
Scriven (50), several modifications have been published which
~overcome some of the 'limitations,_-and thereby extend the range of
applicability of the theory (69, 73, 94). I—Iowéver, these models
do not alter the generalised conclusions of the Sternling-Scriven
criterion, namely that instabilities occur for transfer out of the

phase of lower diffusivity and higher kinematic viscosity if '5—" <0.

No satisfactory theoretical basis has, as yet, been set up
to predict the effect of surface phenomena on the mass transfer
rates over the whole range of their existence. Bakker et al (95)

have developed a model which applies to roll cell behaviour and
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predicts that convection of this type increases the rate of mass
transfer by a factor of 1.6 - 3.2 . This value is in reasonable

agreement with experimental work (47).-

2.5.2 The Influence of an Existing. Flow Field

The stability theory discussed above is based on the assumption
of small initial disturbances, and is therefore appropriate to an
initially quiescent medium.. Small disturbances lead to the
establishment of ordered cellular flow, or 'stationary' instabi-
lity. (If the concentration difference between the phases is increased
sufficiently, the intensity of the instability may increase and the
ordered convection méy degenerate into random instability, which
can be called interfacial turbulence). If turbulence is present in
the fluid, the interfacial disturbances are governed not by
fluctuations in the mass transfer process but by the characie;‘istics

of the existing flow field(68).

If the turbulence in the bulk liqﬁid gives rise to surface
renewal by the random arri{rél of eddies, then during mass transfer
solute can arrive at ﬁe interface in a discontinuous manner.
Consider an eddy reéching the interface from th;e bulk of the ,
solute rich phase. The exéess conéentration at this point in the
interface will result in a local lowering of the interfacial tension (for
the typical case where interfacial tension decreases with solute
concentration). As the affected liquid expands under Marangoni
forces it draws freéh liquid from the immediate v'ilcinity of the .
interface, which is. leaner in soluté than the original eddy which
arrived from the bulk éf the fluid. Thus the local interfacial tension
is raised and the direction of the initial motion is reversed. The
reverse flow will produce an ejection of material normal to the
interface into both phases. This phenomena is the best known form

of disordered disturbances and is referred to as an 'eruption' (68).

-
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This mechanism can occur in either direction of mass transfer,

be
although the effect will, more intense in the naturally unstable

direction.

If the intensity of the initial turbulence field is increased
the individual eruptions lose their identity, and the ir}tefface will
be in a state of intense agitation.: 'fhis state is also referred to as
interfacial turbulence, but this is not to be confused with the de-~
generation of intense convective instability in the. absence of

initial turbulence.

The flow field in the bulk fluid may not be sufficiently
turbulent to lead to disconfinuous supply of solute at the interface
by random eddy renewal. For systems in which the existing flow
field is ordered rather than random, it seems reasonable to argue
that the Marangoni effects described in Section 2.5.1 would be
superimposed on the existing cellular flow activity, and would
accelarate the convective flow for transport in ihe naturally
unstable direction of transfer. In the naturaliy stable direction of .
solute transfer, the stabilizing force of interfacial tension would

be expected to retard the existing cellular convective flow.

2.5.3 Heat Transfer Effects

Since the surface tension of most liquids' depends on tempe-
rature, the poss.ibility.exists for Marangoni convection to be
initiated during heat transfer, in a manner analogous to that
described above for mass transfer, see Section 2.5.1 . Inhis
pioneering work, Pearson (57) showed that cellular convection
which hitherto had been attributed to bouyancy forces (i.e. density
driven natural convection)” could also be induced by surface tension

gradients, and that such convective instability does arise in many
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cases where the bouyancy forces would not in themselves promote

instabilities.

Pearson (57) employed a small disturbance analysis of the
type Sternling and Scriven (50) subsequently used for interpreting
mass transfer effects. . The details of Pearson's mathematical
treatment, and the varioﬁs modifications which héve been presented
in the literature (69, 71, 72), will not be discussed here. Consider
in qualitative terms the simple case of a homogeneous liquid
cooling by radiation from its upper free surface and heated at the
lower fixed surface; Because of the direction of the temperature
gradient within the liquid, the traction associéted with a small
flow fluctuation on the surface would bring liquid to the surface
which is hotter than ax‘rerage for the surface. The liquid will cool
as it flows across the interface. Thé decrease in surface
temperature across the small flow perturbation will correspond to
an increase in surface tension in the direction of the flow, which
serves to amplify the. original fluctuation. If the destabilizing
surface tension forces overcome the stabilizing viscosity forces,
the initial disturbances will grow and develop into ordered cellular

convection.

The situation described here is one in which density driven
natural convection could also de\}elop, since the direction of heat
transfer is opposite to gravify. Howevef‘, the mechanism of surfaée
tension driven convéction does not depend on the relative directions
" of heat flow and gravity, and instability would be predicted whether

the free surface was upward or downward facing.:

The simple case considered by Pearson (57) assumes the
environment exerts no mechanical forces on the liquid surface and
. serves only as a heat sink. In 'the case of unidirectional heat

transfer by conduction between two fluid phases, such that a
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temperature gradient exists adjacent to the interface in both phases,
the relative thermal and transport properties of &e two fluids
would need to be taken inhto account when . predicting the occurrence

of convective instability.

In practice heat transfer often occurs simultaneously with
mass transfer, foi“ instaﬁce due to the heat of rea;.ction. Cho and
Jones (86) added heat of solution effects to the Sternling and Scriven
analysis (50) and found that Ai'nterfacial instabilities depend on the
directions of both heat and mass transfer, and the relative
inagnitude of surface tension féfces resulting from concentration
and temperature gradients within the interfacé. Sawistowski and
Perez de Ortiz (67) have developed a more sophisticated model
which shows that when heat and mass transfer proceed simulta-
neously the concentration effects almost always predominate and form
the controlling mechanism of i'nstabil-ity except when the

diffusivities of the solute are nearly equal in the two phases.

An interesting situation in which heat transfer effects may
initiate convective instability 'during simultaneous heat and mass
transfer is found in binary systems, in which one of the fluid
pairs is a single component phase which has. a positive solubility
in the second. In the single component phase there can be no
concentration gradient adjacéht to the interface. If interfacial
equilibrium is instantaneous and if heaf effects are negligiblel, it
follows that Marangoni convection could not develop. However, in
practice, such syétéms are not always stable (87, 88). Perez de
Ortiz and Sawistowski (49) studied the possibility that the mass
transfer precess could generate. sufficient heat of solution at the
interface to develop temperature gradients in the interface, and .
these workers used stability analysis to establish the criterion

for instability. Even though the mass transfer effect could not in
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itself cause instability, the very close interaction of heat and m ass
0¥
oT

gradient in the two component phase have the same sign.

transfer can give rise to instability if and the temperature

2.5.4 The Influence of Natural Convection

Natural convection in a fluid is caused by bouyancy
instability which can develop during heat énd/or mass transfer. The
pioneering theorétical work was carried out by Rayleigh (89) who
used small-disturbance analysis to explain the convective cells
observed by Bénard (90) when a horizontal layer of fluid is heated
from below in terms of bouyancy instability. A detailed account
of this well known pheﬂomena is not necessary here; suffice it to
say that if the temperature or concentration gradient associated
with heat or mass transfer tends to increase the fluid density in
the upward direction then the action of grévity will lead to
instability. Celiulaxj convection will result when this destabiliz‘ing
force overcomes the stabilizing viécosify force, as reflected by the
Rayleigh number exceeding a -criti.cal value. The effect of natural
convection on the value of kj, has been predicted by Kraus (83)
under conditions typical of high temperature liquid metal systems

in which heat transfer occurs by radiation from the free surface.

__ . E
k, = Dpg® (gBq/¥PCp)* (2.45)

Ironically, it is now almost certain that the . Bénard cells
were in fact controlled by surface tension forces (57, 69, 72).
Pearson's(57) pioneering contribution in this area is discussed in
the previous section, 2.5.3 . The rival theories have been combined
by Nield (72) who found that the two agencies causing instability

reinforce one another, thereby greatly increasing the range and



- 50 -
intensity of the resulting convective instability. The two mechanisms
are very tightly coupled, presumably since the cells formed by
surface tension are approximately the same size as those by
bouyancy (72). Gumerman and Homsy (54, 74) have extended the
study of the close interaction of bouyancy and surface tension
instability to a situation of two-phase concurrent flow. Instabilities
driven by shear are therefore-include_d in the analysis, and the
-overall stability problem is described in terms of the Rayleigh,

Marangoni and Reynolds numbers.

Sternling and Scriven (69) have proposed an interesting and
simple criterion for d_istinguiéhing visually the dominant force in |
cellular convection in liquid pools.l It follows from their detailed
mathematical treétfnent that in steady state cellular convection
driven by surface tension there is upflow beneath depressions and
downflow beneath elevations of the free surface. The relationship
is thé converse in boiyancy-driven flows. One is intrigued whether
with appropriate experimental techniques this simple criterion

could be exploited in high temperature liquid metal: systems.
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CHAPTER 3

EXPERIMENTAL INVESTIGATIONS AND RESULTS

3.1 Gas Jetting of Liquid Silver

The apparatus used b}.r Wakelin (2) and Chatterjee (1) for
high temperature experiments was reassembled, with modifica-
tions, for the study of oxygen transfer between gas jets and molten
silver. The rig is represented in Figure 3.1 . The apparatus
consisted of a mnetered gas 'supply capable of delivering gas of
| variable oxygen composition to a heated lance, from which the
jet was directed vertically onto the surface of the molten silver.
The silver was held in a resistance heated crucible with provisions
for continuous oxygen concentration monotoring and bulk metal

mixing.

3.1.1 Apparatus

The mass flux and compésition of gas supplied from a bank
of cylinders was monitored using Rotameter and MeTeRaTe flowmeters,
manometer and thermometer. Preheating of the gas, such that
experiments occurred at near isothermal conditions, was carried
out in a "Nimonic" lance which incorporated "Crusilite" and

"Kanthal" resistance heaters.

The heated gas discharged through a circular "Nimonic"

2

nozzle, having a cross sectional area of 0.0519 cm at 1000°C.

Knowledge of the pressure drop across the nozzle, measured with
a manometer, allowed calculation of the jet momentum. The lance
was supported by a carriage which in turn was raised and lowered

by a hydraulic ram, enabling the lance height to be varied. The
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lance height is defined as distance from the nozzle exit plane to
the undisturbed surface of the molten silver. Further details of

the lance, carriage and hydraulic system are given by Chatterjee (1).

.Apf)roximately 17 Kg of silver (99.9%, Johnson Matthey) was
containéd in a flat-bottomed 'Inconel' crucible, 15 cm internal
diameter, 0.6 cm wall thickness. The general arrangement ié
indicated in Figure 3.2 . Three 'Nimonic' lugs were welded at
an inclined angle t;) the side of the crucible in order to provide
access for a mechanical stirrer and solid electrolyte probes below
the silver surface. "Nichcrome" resistance heaters prevented

silver solidifying in the lugs.

A considerable improvement in furnace life was achieved
by winding "Kanthal" resistance wire, eléctfically insulated
with fish-bone alumina insulators, directly around the metal
crucible. A "Plicasto" refractory casting had éeparated the
winding from the 'cur;cible in the earlier work, giving higher-

winding temperatures and power requirement.

The temperatures of both the main furnace: winding and the
lug heaters were controlled by 10 amp 'Eurotherm' controllers.
The calibration of winding temperature against silver temperature .
was periodically checked using a dip thermécouple. The crucible
was centrally located in a 60 cm squaré "Syndanyo" furnace box,
with the lugs protruding through three of the side walls. 'Triton
Kaowool' served és very efficient insulation, the total furnace
power being about 1 KW (2 KW in the earlier work (1), using

Vermiculite and alumina powdér);

At all but the highést jet momenta the action of the jet on
the silver surface was inadequate for thorough mixing of the bulk
melt (1, 2). A mechanical stirrer similar to that used by

Chatterjee (1) was therefore needed to give a homogenecus bath

»
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and details are shown in Figure 3.3 . A "Nimonic" impeller, attached

to a "Nimonic" shaft entering the cruci‘ible via one of the lugs, was

turned by an electric motor. The stirring rate could be varied from

0 - 200 r.p.m. by thyristor control.

Lime stabilized (7.5 mole % CaO) and yttria stabilized
( 5 mole %$Y503) zirconia probes were used to measure the oxygen
concentration in the silvéz; by comparison with a known reference
oxygen potential. The electromotive force ge.nérated by a solid

electrolyte probe (3) is given by

RT Po
"E = -2.303 == log 2 (SILVER) (3.1)"

. Py,, (REFERENCE)

In the process of overcoming‘ practical problems with probes in
the earlier stage of the project a very simple design was “.evolved,
as shown in Figure 3.4 . Closed-ended zirconia tubes, 15 cm long
and 6.5 mm in diameter, served as the solid electrolyte. The open
end was fixed with 'Autostic' high temperature cement to a |
stainless steel tube which acted as a probe holder. This arrangement,
similar to that adopted by Mizoguchi (79), replaced the complex
water-cooled brass holder solc!ered to zirconia tubes electro-plated
with silver and copper (1). Reference gas (air or oxygen) was
passed down the ¢entre of the probe via an alumina tube. The same
élumina tube carxi'ied a 0.3 mm diameter platinum wire, which was
rolled into a small ball at the end, to enable electrical contact to
be made with the inside (that is, reference side) of the solid
electrolyte. The élumina tube was lightly spring loaded to ensure

"a sound contact.. The dry reference contact .was found more reliable
than the liquid silver contact used previously (1, 2, 79). Assembled
probes were dippéd into the molten silver bath through the side lugs
in the crucible, and replaced as necessary. Cross checks with
two probes were periodicall& carried out. Electrical contact with

the silver was made with an earthed "Nimonic" rod entering via
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another lug, and the millivolt output between this and the reference
platinum wire was measured by a Vibron Electrometer and recorded
on a Servoscribe pen recorder.

3.1.2 Jet Temperature and Nozzle Characteristics

Since momentum is conserved in a free gas jet, the momentum
has been used as a suitable parameter tc define the jet (1, 2).
Once the mass flux has been measured at room temperature, the

momentum can be calculated if the jet temperature is known.

In the previous work (1, 2) the jet temperature was measured
at a particular gas flow rate wit_h the lance positioned in a pre-
heating furnace. The lance was then transferred to the silver
furnace and a mass traﬁsfer experiment carried out with the power
to the lance adjusted to the value found to give a jet temperature
of 1000°C in the preheafing furnace. This technique is inevitably
subject to considerable error and the transfer of furnaces involves

delay as conditions are brought to steady state.

An alternative approach, developed in the present work,
was to carry out a prelirﬁihéry set of temperature measurement
experiments which led to definition of the no"zzlg discharge
coefficient. If the discharge coefficient is accurately known then
the jet momentum can be calculated from the easily measured
mass flux, and pressure drop across the nozzle. The jet exit
temperature need not then be directly measured in subsequent

experiments, but can be calculated.

A bare therm.oéouple bead was placed in the gas stream,
as shown in Figure 3.5, 1 cm below the nozzle exit plane, and

shielded from radiation. (Note : Pt/Pt (13% Rh) thermocouples
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were used throughout the project. ).

As the gas expands isentropically through the nozzle, the
drop in pressure and increase in velocity are associated with a
temperature drop, as described by Equation 2.24 . In the same but
reverse fashion, as the gas impinges onto a stationary surface,
its temperature and pre'.ssure are increased on the release of kinetic
-energy. This effect is significant above Mach Numbers of 0.2 and
jet velocities in the present work corresponded to Mach Numbers
up to 0.8 . The maximum'temperaiure rise due to impingement
onto a therrﬁocouple bead in the potential core would be equal to
the drop in temperature within the nozzle. The .actual temperature
rise for a bare thermocouple bead is about 70% of the theoretical
maximum (8, 9). Assuming

Tre - Ty= r AT = 0.7AT (3.2)

one can show, using Equation .'2‘.24, ik%at the réal jet exit temperature

is given by
TTC
T. = ‘ 3.3)
J APy ¥—1 (

0.340.7 | 1+ 5
Py

Térms on thé RHS of Equation 3.3 were experimentally measured,
except for § which can be taken to be equal to 1.4 since high
temperature oxygen/nitrogen gas mixtures closely approximate to
‘ideal' gases.
|

Experiments at various gas flow rates, gas compositions,
and lance heights were carried out,.and the lance power adjusted
to give a jet temperature of approxirhately 1OOOOC . Table 3.1
summarizés the' experimental data and calculated values of jet

temperature.
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A simple mass balance gives the jet velocity as

r’nRTJ
V. = (3.4)

J
MW
AN PJ

which, when compared to the theoretically calculated velocity,

Equation 2.25, allows the nozzle discharge coefficient to be
estimated from Equation 2.26. Table 3.1 includes the calculated
values of the nozzle discharge coefficient. The average value of
the discharge coefficient is 0.934 with of RMS deviation of + 1. 3%,

which lies within experimental error.

The results in Table 2.1 display good internal consistency, and
also agree well with previous work. The nozzle was identical in
design to that used b.y Wakelin (2). Wakelin carried out determi-
nations of the discha-rg'e coefficient at room temperature (where the
practical problems connected with high temperatures are removed,
and the expansion/contraction effects in the fluid are more easily
monitored) , and obtained values of Cd = 0.92 - 0.95 for oxygen

jets and Cd = 0.97 for carbon dioxide jets.

In Figure 3.6, the nbzz_le discha.rge coefficients are re-
calculated for different values of 'r' and these results support the
choice of r = 0.7 . If the effect of isentropic compression of gas
at thethermocouple bead had been ignored (i.e. r =0), the
internal consistency of the r.e‘sults would have disappeared, and theo-
retically impossible values of the discharge coefficient (Cd 1)
would have been obtained at the high jet velocities where the heat

effects are more pronounced.

It is inherently difficult to measure the true temperature of
high velocity gas streams at elevated temperatures. The approach
adopted in this study,” which is simpler in practice and more

sophisticated in theory than previous methods (1, 2), gives



Experimental Data and Calculations of Jet and Nozzle Characteristics ;

TABLE 3.1

Run P02 fl:?;:t m APN TTC ATN TJ & C?)isfcf}i]: ig::
(atm) (cm) | (gm/sed)|(cm Hg)| (°C) (°c) (°c) ( dynes) Cq
(c alculated ) (calculated ) (c alculated ) (calculated)
T1 .05 15 0.351 7.8 1030 35 1005 8,809 .0.926
T2 .10 ) 0.489 15.3 1070 67 1023 16,788 0.921.
T3 .02 5 0.507 17.0 1070 74 1018 18,411 0.923
T4 (1.0 15 0.577 19.1 1070 83 1013 20,982 0.936
T5 {1.0 -5 0.573 19.3 1070 84 1012 21,102 0.930
'I“6 .20 5 0.551 19.3  1070 83 1013 21,051 0.927
T7 .65 15 0.763 40.3 | 1140. 164 1025 41,574 0.938
T8 |1.0 15 0.889 46.7 1140 185 1010 49 ,597 0.956
T9 1.0 5 0.892 47.7 1140 189 1008 49,982 0.952
(Note : Variations in atmospheric pressure and room temperature have been taken into account)
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reliable results. In all subsequent mass transfer experiments

" the momentum was calculated on the basis of a discharge
coefficient of 0.934, simply by measuring the mass flow rate and

the nozzle pressure drop.

3.1.3 Procedure for Mass Transfer Runs

Before each run the silver was thoroughly cleaned using .
'Borax' as a flux. The lance nozzle was visually checked for
blockages, and the lance lowered to the predetermined lance height
in the silver furnace. The stirrer speed was set before the run

and rechecked at intervals.

The reference gas to the probes was usually air. Prior to
each run the reference gas was temporarily changed over to
oxygen. This served as a check on tl';e probes, since the
resultant step change in probe reading (43.7 mV at 1000°C) is
independent of oxygen concentration in the silver. The absolute
reading of the probes included thermoelectric junction potentials
arising from the various contacts in the measuring circuit. These
were quantified Ey having equal oxygen potentials on both the
reference and silvér bath sides of the solid electrolyte. This was
carried out regularily during a campaign as an additional check on
the probes. That thermoelectric potentials were responsible for
the non zero readings of probes, when bath and reference oxygen ’
potentials were equal, was confirmed by comparing thé readings
of two probes : one incorpbrated a platinum reference wire, the
other a platinum (13% rhodum) reference wire. The observed
difference in probe réadings corresponded exactly to the millivoltage
expected from a simple Pt/Pt (13% Rh) thermocouple. Probes
were immediately repléced whenever one of the routine tests

suggested faulty performance. The typical life of a zirconia probe
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at 1000 C was about one to two weeks, the stage when silver

penetration into the electrolyte becomes significant (7).

Prior to a mass transfer experiment gas was passed
through the heated lance at the desired flow rate until éteady state
thermal cond1t10ns were reached The composition of the gas
was then quickly altered to the predetermmed value for the

experiment, such that absorption or desorption could begin.

3.1.4 Results of Mass Transfer Experiments

using Pure Oxygen Gas Jets

Absorption experiments using pﬁré oxygen gas jets were
carried out, prior to using dilute gas jets where the additional
kinetic factor of gas phase diffuéion is introduced. The effect of
jet momentum up to 24000 dynesA for two lance heights, 5 cm and
10 cm, was systematically studiéd, although experiments covered
a momentum range of 0 - 50,000 dynes and a lance height range
of 5 - 15 cm. Investigations on the stirrer were also carried out
to establish the degree of stirring required to obtain a well
mixed bath without significantly effecting the absorption rate at

the free silver surface.

Since there can be no gés phase resistance with pure oxygen
gas jets, the méés transfe_r data were interpreted on the basis of
liquid phase transpor';.control. Appendix A ;Srésents the raw
data plotted according to the basic mass transfer relationship,
Equation 2.7. The slope of fhese plots gives an average value of

kL for each experiment

Table 3.2 summarizes the mass transfer results and Table

3.3 gives details of expefiments relevant to stirring investigations.
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TABLE 3.2

Summary of Liquid Phase Mass

Transfer Data with Pure Oxygen Gas Jets

Momentum

Lance

k

Run No. L
height
(dynes) (cms) |(cm/sec) x 103
P1 0 - 1.63
P2 3450 10 1.51
P3 7000 10 3.37
P4 8300 . 10 4.20
P5 11900 10 5.94
P6 12600 10 6.29
P7 15650 10 7.20
P8 21700 10 7.42
P9 21700 10 7.53
P10 13100 5 4.79
P11 13100 15 4.66
P12 13100 12.5 5.47
P13 13100 7.5 5.51
P14 13100 5 4.72
P15 47300 5 21.95
P16 21400 5 8.29
P17 45400 5 23.00
P18 6950 5 2.61
P19 8800 10.2 3.93
P20 18000 10 7.35
P21 23000 5 9.17
P22 23000 6.2 9.30
P23 24000 10.5 8.76
P24 11100 5 4.02
P25 . 18700 5 . 6.76
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TABLE 3.3

The Effects of Bulk Metal Mechanical

Stirring on Free Surface Mass Transfer

A\,

Run No.

Series Momentum | Lance |Stirring kL
A height rate
(dynes) (cm) |(revs/min) |(cm/sec x 103)
51 P1A 0 - 0 1.00(NL)
| P1B 40 1.63
52 P5A 11900 10 0 5.94
P5B 40 5.78
P5C 85 6.14
53 P10A 13100 5 0 5.39
P14A 0 4.86
P14B 40 4.84
P10B 40 4.72
P10C 85 4.86
P14C 85 4.45
P10D 85 6.24
54 P11A 13100 15 40 3.12(NL)
P11B 85 4.61
P11C . 85 4.71
P11D 120 5.64
55 P12A 13100 12.5 0 5.38
P12B 40 5.57
P12C 85 5.47
56 P13A 13100 7.5 0 5.24
P13B 40 5.78
P13C 85 5.52
57 P18A 6950 5 0 2.57
P18B 40 2.64
58 P9A 21700 10 0 6.30(NL)
P9B 40 7.53
P9C 85 7.87
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Figure 3.7 shows the results in the form of liquid phase mass
transfer coefficient ver.sus jet momentum. The effect of lance
height at a specific momentum of 13,100 dynes is shown in ’

Figure 3.8.

-

(a) The Influence of Mechanical Stirring

The series of mass transfer experiments at different stirring
speeds, see Table 3.3 and Appendix A, allow the influence of

mechanical stirring to be assessed.

The solid elec_troly‘te probe readingscan only measure the
required bulk oxygen concentration in the silver if the bath is
homogeneous. Non linearity of the plots 61’ InRvst (Appendix A)
was taken to indicate inadequate mixing of the liquid silver bath.
At high jet momenta' or with additional .mechanical stirring these
plots tend to be linear, consistent with previous work (1, 2).

Runs for which the plots cﬁ In R vs t were non-linear are marked
(NL) in Table 3.3 . In these expériments the bath was thoroughly
stirred at the end of the run émci kL was calculated on the basis of

the total amount of absorption.

There are six results in Table 3.3 which could suggest some
dependence of k; on stirring speed, namely P1B, P10A, P10D,P114,
P11 D, and PY9A. Tw<; of these, P9A and P11A are runs in which
there was inadequate mixing. The results from runs P10A and P10D
were cross—checked by runs P14A and P14C, for which there
appeared to be no dependence' of kL on stirring. Run P11D is the

only one with the high stirring rate of 120 rpm.

Mechanical stirring would be expected to have its most
pronounced influence at zero momentum, where in fact it lead to

an increase in kL from 1.0 x 10"3 to 1.6 x 10'3 cm/sec.

»
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Dué to a failure in the lug heater surrounding the stirrer
bearing, experiments P2, P3, P4, P6, P8 and P18 (see Table 3.2)
were conducted with manual turning of the stirrer shaft, which
necessitated a to-and-fro motion. The mass transfer data from
these runs are fully consistent with the remainder of the runs,
in which the stirrer was motor driven with full rotation. One can
conclude that mechanical stirring is necessary to homogenise
the bath, but it appears -to have little or no effect on the actual
rate of mass traﬁsfer at the free liquid surface for the conditions
studied. This is inline with previous observations(1). Inall’
subsequent mass transfer experiments'a stirring speed of about
60 - 80 revs/min was fherefore adopted, with no further tests

on the effect of stirring on kL;

(b) The Influence of Jet Momentum and Lance Height

The dependence of k; on jet momentum, at constant lance
height (5 and 10 cm), as shown in Figure 3.7, suggests three
separate mass transfer regimes, marked on Figure 3.7 as I, II

and III.

Regirhe I1: For jetvmomenta less than about 4000 dynes,
the impact of the jet induces iﬁsufficient forced convection to
significantly increase the total mass transfer at the free surface.
The predominant transport mechanism within this regime would
be some form of natural convection, perhaps driven by the
thermal gradients associated with radiation from the bath to the

furnace top.

Regime II : Above about 4000 dynes, ki, increases linearily

with jet momentum. In this regime, the predorriinant liquid phase

transport mechanism would be the forced convection induced by
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the jet action. The most striking feature of the results is that values’

of k; are greater for a lance héight of 10 cm than for one of 5 cm.
The influence of lance height was subjected to closer attention, at

a jet momentum of 13100 dynes, as shown in Figure 3.8 . There is

a pronounced peak in the plot of k; Vs lance height, clearly suggesting
optimum momentum transfer from jet to liquid at a lance height

of about 10 cm at this momentum.

Regime III : Further incre‘a.sé in momentum leads to
enhancement in mass transfer, possibly due to dispersion of silver
droplets into the gas phase and agitation of the surface. Precise
observation of the onset of splashing was not possible, but from the
sound of droplets being caught by the jet and from the sight of
silver covering the end of the lance after a run it was clear that
dispersion of the sﬁrface .was‘ occurring in this regime. The
plateau in the curve of kj, vs M for a lance height of 10 cm enables
one to deduce on the assumptiori of the above argument, that
splashing commences at 22;000 dynes. Despite the absence of an
extended plateau with a lance height of 5. cm one would nevertheless
deduce, on the same basis, that the splashing regime is established

between 15,000 and 18,000 dynes.

(c) Comparison with Previous Work

Figure 3.9 providés a comparison of liquid phase data from
the present and previous investigétions into oxygen jetting of
liquid silver. (The previous work (1, 2, 14) is discussed in
Section 2.4.3). The detailed pattern of results in the present work
differs quite significantly from that of the previous workers. In
contrasting the results of Chatterjee et al (1, 14) with the present

work, the following observations can be made :
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(i) In the forced convective regime (II), the absolute values
of kL reported by Chatterjee are roughly double the values presented

in this investigation.

(ii) In regime (II), Chatterjee et al did not observe an
optimum lance height for maximum mass transfer at a particular
momentum as observed in the present work, sée Figures 2.6 ,‘ 3.8
and 3.9 . This is the most striking disérepancy in the results of
the two investigations.

+

(iii) Chatterjéé et al found no enhancement of kL at momenta
corresponding to the splashing regime. At high momenta, around
50,000 dynes, the values of kL repofted by Chatterjee et al are
roughly half those measured with a lance height of 5 cm in the

present work.

(iv) In the present investigation, splaéﬁﬁg was deduced
to commence at 15 - 18,000 dynes for a lance height of 5 cm.
This is in excellent agreement with a momentum of 15,300 dynes
calculated from Equations 2.37 and 2.38 which are based on
Chatterjee's results. However, at 10 cm lance leight the
agreement is poor. The splashing regime was estimated to commence
at 22,000 dynes in the present work, which can be compared to a .

value of 47,500 dynes calculated from Equations 2.37 and 2. 38.

Obviously, the above discrepancies prompted extensive
checking of éll aspects o} experimental procedure. No satisfactory
explanations were found, even after the year's work which folloWed
the discovery of these discrepanciés. During this period there
were several furnace re—buildé, numerous probes had been used,
jet temperature and momenta estimations were fhoroughly

investigated and the influence of mechanical stirring was studied.
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In view of the results on their own merits, apart from the
questions raised by the contradictions with the previous work,
further experimental study of the effect of lance height and jet
momentum on liquid phase mass transfer with silver would be
interesting. However, the priority governing the pure oxygen
jetting work was to obtain a reliable set of liquid phase mass
transfer data under a limited variation of blowing conditions to
serve as a basis for assessing the rate of the gas phase resistance
in subsequent ekperiments with dilute gas jets. In this context,,
the liquid phase data at a lance.‘height of 10 cm, in the momentum
range of 4,000 - 21,600 dynes are wholly adequate. In view of
the internal consistency established in the pure oxygen jetting .

work it was decided to proceed with the dilute gas jetting studies.
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3.1.5 Results of Mass Transfer Experiments
using Dilute Oxygen Gas Jets

Absorption and desorption experiments using oxygen/nitrogen
gas jets were carried out in the same fashion as absorption
experiments with pure oxygen jets. The lance height was main-
tained at 10 cm for all runs, and three levels of jet momentum
were investigated : low (about 6,500 dynes), medium (about
13,000 dynes) and high (about 19,000 dynes). .The splashing
regime was avoided inAthis phase of the work. The controllable
parameter of greatest‘interest., namely the oxygen composition of
the jet, was varied in the 0 - 0.1 atm range, since this had been
previously assessed to be the critical region from the point of view
of studying the influence of the gas ph.ase resistance. In addition
to thirteen absorpfion and desprption experiments with oxygen/
nitrogen mixtures, three desorption runs wéfe carried out with
pure argon gas jets. - Pure nitrogén gas jets could not be used due

to reaction with the 'Crusilite' heating elements within the lance.

(a) Calculations of the Overall Mass Transfer Coefficient

The mass transfer déta were analysed on the basis of
Equation 2.9 , so that the overall mass transfer ccefficient could
be calculated for each run. The data are presented in this‘ form in
Appendix B. The plots of In R vs t are not strictly linear, and the
average slope was taken which gives an average value of koy for

each experiment.

Table 3.4 and Figures 3.10, 3.11 and 3.12 summarize the
results of the mass transfer experiments with dilute oxygen gas

jets.
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TABLE 3.4

Summary of Mass Transfer Data with Dilute Gas Jets

Run M Direction p0 k
(dynes) of 2 ov
Transfer | (atm x 102) (em sec"1x103)
D1 6800 Absorption 3.13 0.776
D2 6450 " ©-.6.38 0.881
D3 6700 " 9.96 1.06
D4 6450 " 9.99 0.891
D5 6450 Desorption 0.585 1.35
D6 6750 " 2.74 1.64
D7 13400 Absorption 0.435 0.785
| D8 13700 " 4.83 1.12
D9 13750 " 4.80 0.897
D10 11300 " 6.94 1.68
D11 - 13750 " 9.24 1.1
D12 14500 " 16.95 1.38
D13 12800 Desorption 0.435 1.335
D14 12800 " 0.435 1.31
D15 12800 " 2.21 2.59
D16 11300 " 4.87 3.03
D17 13900 " 4.85 2.55
D18 12800 " 9.55 3.67
D19 19100 Absorption 1.66 1.70
D20 19100 " 4.96 1.81
D21 19100 " 10.06 . 2.35
D22 19000 Desorption 0.355 1.85
D23 19000 " 1.66 2.51
D24 19100 " 4.96 3.28
D25 18800 " 7.29 3.16
D26 18600 " 10.05 3.42
D27 7250 Desorption 0 1.24
D238 13640 with o 1.23
D29 13640 Argon 0 1.20
(Notes : Lance Height = 10 cm; Nitrogen is diluent gas in D1-26)
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(b) Calculations of the Gas Phase Mass

Transfer Coeifficient

The dependence of kov on gas composition, seé Figures
3.10, 3.11 and 3.12, indicates that the process kinetics are not
simply controlled by mass transfer in the liquid phase. The
additional resistance may be associated with gas phase mass
transfer, as suggested by Chatterjee et al (10), or with the

" interfacial chemical reaction, as postulated by Mori et al (40).

From the discuséion in Section 2.2.1 , it can be seen that
the relative importance of the gas phase mass transfer step will
depend primarily on the value of ¢ . The process is controlléd
by liquid phase transfer when ¢-§ 0, and actual rates of transfer
will be within 10% of this limiting case if ¢ <% . On the other
hand, the process will be controlled by gas phase transfer when

¢ - '06 » and real rates will be within 10% of this limiting case
if ¢ >20 , except for very low values cof ‘Y]( . Thus the gas phase
resistance would Be significant for ¢ values gfeater than 0.2, and
would essentially control the overall kinetics for ¢ values greater

than 20.

There is inherently less scope for varying ¢ by altering
the hydrodynamic conditions (i.e. kg/k;), than by changing the
oxygen content of the gas‘.. The ratio of the oxygen diffusion
coefficients in nitrogen gas (45) and molten silvef (see Table 2.1)
is about 135. Thus it is unlikely that the value of kG'/ kj,, for
widely different fluid conditions, would extend outside the range
50 - 1000 (43). Table 3.5 sets out the likely regimes of kinetic

control.

Mori et al's view (40) that"the gas flow rate was selected

so that the mass transfer resistance in the gas phase could be
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TABLE 3.5

Regimes of Kinetic Control - The Effect

of Hydrodynamic Conditions and Gas Composition

| 2
kg | P, (atm x 10°) Po, (atm x 107)

for ) > 20 for p < 0.2
(Gas)Phase - | (Liquid Phase
Control) Control)
50 < 8 > 90
200 < .05 ‘ > 65

1000 << .002 >15
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neglected" fails to recognise the central role of gas composition
in determining the magnitude of this resistance in a Sievert's law
system. For the present investigation with dilute jets, containing
between 0 - 17% oxygen, Table 3.5 indicates that the gas phase
resistance is bound to be significant. Only for oxygen contents
greater than those listed in the final column of Table 3.5 could

the gas phase resistance reasonably be ignored.

The approach adopted here is therefore to assume
initially that the overall kinétics are controlled by a combination
of the liquid phase and gas phase mass transfer resistances; in
other words, to employ the simple mixed control model used by
Chatterjee and Bradshaw (10). The details of the calculations
are given in Appendix D. Corrections are made for bulk flow,
as discussed in Section 2.2.2. Also, corrections are made for
the effect of product gas entrainment. 'The shear action between
the jet and the s.urrounding gas would reduce the driving force
for interfacial reaction. An as;aerisk is used to identify gas phase
mass transfer coefficients for which a correct.ion has been made

for product entrainment by the jet, vis (kg)*, (k06) *,

The values of (kg) * should be inherently the best
reflection of the hydrodynamic condition of the; jet and should
thereforg be a function of jet momentum,-but independent of
oxygen compsoition of the jet or the direction of transfer. The
calculated values of (kg)* are shown in Figures 3.13, 3.14 and
3.15. As is immediately apparant from these figures the
calculated values of (kg)* do éhow a dependence on gas
composition, and even more strikiﬁgly on the direction of transier.

These calculated values are therefore physically unrealistic.
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Considering the assumptions built into the analysis, the
inability of the simple mixed control mass transfer model to

account for the experimental results reflects two broad possibilities:

1. The process is not controlled simply by mass transfer,
but is influenced by the kinetics of the interfacial chemical
reaction. However, a simple second order reaction model, as
proposed by Mori et al (40), could not explain the results, sincé
their treatment is mathematically similar to the mixed control
mass transfer model, see Section 2.4.4 . To account for the
experimental results, thé interfacial reaction would need to have

a different mechanism in the forward and backward directions.

2. The overall kinetics are nevertheless mass transport
controlled, but the assumption of kL being independent of the
direction of transfer may be invalid. This is a more plausible
explanation, in view of the results of Masson and Whiteway (30),
see Section 2.4.1 (b). The question of the development of
density or surface tension driven convection in the liquid, acting
in conjunction with the forced convection associated with jet

impingement, would therefore deserve consideration.
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3.2 Thermogravimetric Studies at Atmospheric Pressure

The mass transfer results obtained in the dilute gas jetting
experiments reflect the underlying hydrodynamic features of Jet/
liquid interactions on the one hand, and the specific prope‘rties
of the 05/Ag system on the other. To interpret the results
satisfactorily the two aspects‘ would need to be disentangled, and
this poses a central difficulty. The effect of hydrodynamic
behaviour on mass transfer in jet/liquid systemé is poorly
understood, certainly at elevated temf)ératﬁre. The local values
of both kL and kg are sensitive to rédial position, and the
relative importance of the depression and the outer regions is
not known quantitatively. Neither kj, nor kg can be predicted.
Apart firom problems relating to limitations in present theory
and experimental data, 'the large—scalé jetting apparatus was not
well suited for carrying out critical tests to elucidate the
reaction mechanism. |

,

Small-scale, noﬁ-—jetting, thermogravimetric investigations
of oxygen transfer between gasés and molten silver were therefore
initiated to complement the jetting experiments.The gas/liquid
contacting configuration was well defined, and the small-scale

nature of the work provided considerable flexibility.

Tﬁermogravimetric studies: involved the suspension of a
crucible containing a quiescent pool of liquid silver in controlled
gas streams of variable oxygen composition. The weight change
associated with the oxygen absorption or désorption reaction
was monitored continuously using a load cell device. The gas/
liquid contacting configuration is shown in Figure 3.16 . There

was no forced convective stirring of the liquid by the gas.
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3.2.1 Apparatus

Apparatus incorporating a vertical tube furnace which could
be raised around a sample suspended from a load cell had been
constructed by Campbell (12) and Matyas(11) and is shown in
Figure 3.17 . The 5 cm diameter alumina furnace tube was heated
over its 45 cm length using 'Kanthal A1' wire of 21 ohms total
‘resistance. A fast-cycling 'Eurotherm’ controller controlled
the furnace temperature to + 0.5°C. Gas was introduced at the
bottom end of the furnace, and passed through a bed of alumina
chips to bring it to the reaction temperature before flowing
past tﬁe suspended sample. Ox.ygen. and oxygen-free nitrogen
were metered by calibrated 'MeTaRaTe' and 'Rotameter’

flowmeters.

The load cell, supplied by Statham Instruments Ltd., had
a range of 60 gm ];ut was equipped with a lever arm and counter-
balance to increase the sensitivity by a factor of 10. The load
cell calibration wés determined to be 0.01175 mV per milligram
(56). All electrical contacts to the load cell were made via gas
tight seals in the load cell chamber base plate. Campbell (12)
gives additional design détails of the:furnace and load cell

assemblies.

Silver samples weighed about 19 gms and were held in
flat-bottomed alumina crucibles with 1.9 cm internal diameter
and approximately 2 cm height. Platinum (13% rhodium) wire

was used to suspend the crucibles.
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3.2.2 Procedure for Mass Transfer Runs

Having suspended the crucible containfng the silver sample
and adjusted the load cell counterbalance, the furnace was raised
and sealed, and the power switched on. Meltihg of the silver
was acheived within‘an hour and the temperature was subsequently
controlled at-1000°C. . Nitrogen was passed through the furnace

during heating.

Absorption and subsequent desorption experiments were
carried out by altering the gas composition to a predetermined
level, through adjustment of the oxygen and nitrogen flow rates.
Total gas flow rates were typically 2 litres/min at N.T.P.‘ The
millivolt output from the load cell was contiﬁuously recorded

during the experiments on a Servoscribe chart recorder.

~

3.2.3 Results of Mass Transfer Experiments

The inherent accuracy of the technique and the wvalidity of
the load cell calibration were established during the commissioning
period by examining the mass balances for oxygen absorption
and subsequent desorption runs, see Appendix C. The difference
in weight between oxygen-free silver and silver equilibrated with
oxygen a't 1 atmosphere and at 1000°C agreed with the value
predicted by Sievert's law, see Equation 2.1, within 0.5%.
Loss in weight in the subsequent desprption run with nitrogen
gas was found to equal exactly the gain in wefght by oxygen
absorption. Masé balances were checked regularily in the

subsequent experimental campaign.
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Initial mass transfer experimenté were carried out to prove
whether or not there had been any contamination of the silver in
the jetting campaign. A sample of silver which had been used in
the jetting campaign was compared to silver fresh from the
supplier (Johnson-Mathey) in its kinetic behaviour for both
absorption with pure oxygen and desorption with nitrogen. The
results are shown in Figure 3. 18, plotted according to Equation
2.9 . These results establish clearly that the mass transfer data
from the jetting campaign do not reflect any surface contamination

effects.

The influence of oxygen partial pressure on both absorption
and desorption kfnetics was then studied systematically, using
oxygen/nitrogen gaé mixtures at 1 atméspﬁere total pressure.
The raw data are presented in Appéndix C. A value of kOV for
each run was calculated from the average slope of these plots.
For desorption ruhs , where the plots display distinct non-
linearity as equilibrium is approached towards the latter parts
of each experiment, ‘the.slope for the first 80% of the reaction
was taken as the basis for calculation of a value of kov. The

results are shown in Table 3.6 and 'Fig"ure 3.19 .

1

.
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TABLE 3.6

Mass Transfer Data from Thermogravimetric

Experiments at Atmospheric Pressure

Run

Direction

k

Po, ov
of 5 4
Transfer (atm x 107) (cm/sec x 107)
TG1 Absorption .100 3.3
TG2 Desorption 0 9.9
TG3 Absorption . 100 3.3
TG4 Desorption 0 9.2
TGS Absorption 100 3.5
TG6 " " 3.4
TG7 " " 3.5
TGS n 50 3.2
TG9 " 20.3 4.1
TG10 " " 3.8
TG11 " 10 4.1
TG12 " 1 3 6
TG13 Desorption 50 24.5
TG14 " 20.3 21.3
TG15 " " 21.5
TG16 " ‘10 18.4
TG17 " 1 13.8
TG18 " 0 11.5,
TG19 " " 11.0
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3.3 Thermogravimetric Studies at Reduced

Total Pressure (Effusion)

It was decided to carry out experiments under conditions
such that the gas phase resistance was insignificant, since this
should provide critical evidence regarding the mechanism of
kinetic control. The diffusional reéistance could most easily
be removed by operating with pure oxygen gas streams. The
driving force for reaction was controlled by adjusting the total
gas pressure in the furnace chamber, rather than by varying
the gas compositfon. Desprption accomplished by reducing the

total pressure is known as effusion.

[

3.3.1 Apparatus

The apparatus ﬁsed for the previous thermogravimetric
studies, see Section 3.2.1, was not designéd for operation at
other than atmospheric pressure. A new piece of apparatus was
therefore constructed for the purpose of carrying out experiments

at reduced pressure.

The gas/liquid contacting configuration was the same as
before, see Figure 3.16. The load cell was re-housed in the new
equipment and the same type of alumina crucibles were employed

to hold the silver samples.

The apparatus is shown in Figure 3.20 . The reaction
chamber consisted of a 5 cm diameter silica tube, 50 cm in
length. A simple tube furnace wound with 'Nichrome'
resistance wire and insulated with asbestos chord and 'Kaowool'
was located arouhd the silica reaction tube and provided the

heating. This flexible arrangement would have allowed easy
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removal of the furnace for rewiring or in fact for replacement by
an alternative heating source such as an induction coil.

A Pt/Pt (13% Rh) thermocouple was placed inside the silica tube at
the level of the crucible and the furnace temperature was
maintained constant at 1OOOOC by a 'Eurotherm' controller. The
.gas inlet was in the bottom of the silica tube, which was sealed
with a cup/cone fitfing. The gas was passed through a layer of
_silica wool to allow it to reach the furnace terﬁperature before.
flowing past the suspendéd crucible. Oxygen from cylinders

was metered by calibrated iMe"I‘aRaTe' and 'Rotameter' flow-

meters, and the flow rate was controlled by a needle valve.

The loéd cell was hbused in a watér cooled mild steel
chamber which was sealed to the top of the silica reaction tube
by an 'O' ring connéction. A viewing bdrt was incorporated into
the top of the load cell chamber so that the free surface of the

liquid silver could be observed.

Specpure silver was used to assure the cleanest possible
surface. The alumina crucibles were thoroughly cleaned in aqua

regia before use.

A mercury manometer was cénnected to the system via the
load cell chamber, and a 'Bell and Howell' pressure transducer
was fitted to the gas exit line. The manometer was used to
calibrate the transducer. The gés exit line was attached to an
'Edwards' vacuum pump. The pressure in the system was
controlled both by a needle valve on the gas exit line and also
by adjusting the amount of air ballasf to the vacuum pump. The
load cell and pressuré transducer millivolt outputs were
simultaneously recorded on a 'Servoscribe' twin-pen chart

recorder.
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3.3.2 Procedures for Mass Transfer Runs

The crucible containing the silver was lowered into the silica
reaction tube through the lid of the load-cell chamber and
suspended from the lever arm of the load cell. The lid was then

replaced and sealed with an 'O ringj.

Oxygen was passed through the system at atmospheric
pressure and the silver was allowed to reach équilibrium with the
' gas at IOOOOC. Desorption waé made to occur by reducing the total

pressure.

Nucleation of oxygen Qas bubbles (i.e. bdiling) occurred at
very small levels of supersaturatlon which made it impossible
to carry out runs Just below 1.0 atmosphere total pressure.
However, after initial nucleation had occurred and the pressure
had reached a level of about 0.3 - 0.5 atmosphere, considerable
further reduction in total pressure was possible without
additional boiling. It was therefore Iiossible.to carry out controlled

effusion experiments in this pressure range.

Experiments were condliéted for sufficientr time (several
hours) for the liquid silver to comé to equilibrium with the
oxygen pressure in the reaction chamber, as monitored by the
pressuré transducer. This allowed tﬁe load cell emf readings
to be related to an absolute value of oxygen concentration in the
liquid silver at the end of each run. It was more satisfactory
to work back from the end of a run, due to the problems of
obtaining meaningful load cell readings during the initial bubble

nucleation period.
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3.3.3 Results of Mass Transfer Experiments

Commissioning of the rig included an absorption experiment
with pure oxygen (TGZO) and a desorption run at p02 =0.34
atmosphere (TG21), both at 1.0 atmosphere total pressure. The
results of these experiments were reasonably qonsistent with the

earlier thermogravimetric studies, see Section 3.2 .

Four desorption experiments at reduced total pressure
(effusion) were carried out. The mass transfer data are plotted

in Figure C3 in Aﬁpen’dix C according to Equation 2.9 .

Values of kov were calculated for each effusion run from the
average slope of the near-linear, initial 70-80% of reaction,
section of the plots, and these results are listed in Table 3.7 .

In Figure 3.21 the effusion data are shown 1n a manner which
allows direct comparison with the results of the mass transfer

experiments at atmospheric pressure.
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‘TABLE 3.7

Mass Transfer Data from Thermogravimetric

Experiments at Variable Total Pressure

Run Direction P Total Po 5 k ov
of . 4
Transfer (atm) (atm) | (cm/sec x 10°)
TG20 Absorption 1.0 1.0 3.7
TG21 Desorption 1.0 0.34 29.0
TG22 Desorption 0.089 | 0.089 3.8
TG23 (Effusion) 0.16 0.16 4.1
TG24 " 0.116 | 0.116 3.0
TG25 " 0.137 | 0.137 3.7
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CHAPTER 4

INTERPRETATION OF RESULTS AND DISCUSSION

4.1 Therrhogravimetric Studies

4.1.1 Analysis of the Mass Transfer Data

One can predict the value of the liquid phase mass transfer
coefficient for the limiting éase of transport by molecular diffusion.
This provides a useful frame of reference, since there was no
forced convection applied to the liquid silver for the gas/liquid

contacting configuration adopted in the thermogravimetric studies.

From Equation 2. 36 , the linear section of a plot of In R vs A/Vt
from a diffusion controlled experiment would have a slope of '

. )
(Dpag M /41) , and would have an extrapolated intercept at zero
time of R = 0.81 . The linear section could be expected for values
of A/Vt =350. It follows frorh the definition of the mass transfer
coefficient, Equation 2.7, that for diffusion control
2
DA

k = ee— i : (4:.1)
L= g .

The depth of liquid silver was typically 1 = 0.65 cm, and the
literature gives a value of DO/Ag = 9.7x 10"5 sz/sec, see
Section 2.4.1 (a). Thus for the particular geometry of the liquid
pool in the thermogravimetric work (both rigs) one can predict

that kL = 3.7 x 10~4 cm/éec. for a diffusional transport mechanism.

(a) Absorption at Atmospheric Pressure

Throughout the gas composition range studied, namely
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poz = 0.01 - 1.0 atm, the mass transfer data from absorption
experiments as presgnted in Figure 3.19, Table 3.6 and Figure C1,

can be summarized by a value of k__ = (3.6 £ 0.3 RMS) x 104 cm/sec.
The plots of In R vs A/Vf become linear for values of A/y;t > 350

and extrapoiation of the linear sections to zero time gives an

intercept of Rt=0 = 0.81.

One can conclude with confidence that the oxygen absorption
experiments at atmospheric pressure werecontrolled kinetically

by molecular diffusion in the quiescent liquid silver.

"(b) Desorption at Atmospheric Pressure

The most striking feature of the mass transfer results from
desorption experiments at atmospheric pressure with gas com-
positions in the range Poz =0 -~ 0.5 atm is that values of kov are

3 - 7 times greater than for absorption exper.iments, see Figure 3.19.
One can immediately conclude that the liquid phase mass transfer
step is no longer lifnited to molecular diffusion. The increased

value of k; can be estimated by extrapolating the curve of kKqy

vs p02 , see Figure 3.19, to the case of Po, = 1.0 atmosphere.

This represents a situation of no gas phase resistance. On this

basis one can assume that in the desorption experiments with

i ,
02/N2 gas mixtures the value of kj, = 26 x 10"4 cm/sec.

The second feature of the desorption results is that kg,
decreases as the gas becomes more dilute with respect tq' oxygen.
-This suggests the. increasing inﬂuence of a second kinetic
- resistance, which from the discussion in Section 3.1.5 (b) could
be expected to be the gas phase transport resistance. The mixed

control model discussed above can be used to test this hypothesis.
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The relationship between N\ , M, end ¢ , Equation 2. 15,
can be employed to predict the plot of kqy, vs py 5 for a value of
ki, = 26 x 10~% ¢cm/sec. The only unknown is kg, and an iterative,
curve-fitting procedure was adopted. Equation 2.21 was incor-
porated into the exercise to isolate the effect of bulk flow.
Figure 4.1 summarizes the results of these calculations, which show
that the experimental data can be interpreted with the mixed
control model if ky, = 26 x 104 cm/sec and ko = 0.7 cm/sec.

The Reynolds number for the gas flow past the crucible can
be estimated to be about 1.4, which indicates that the oxygen
transfer process in the gas would be essentiall}'f by diffusion.
The distance over which diffusion must take place between the
crucible liia and the free surface of the silver was typically

5 = 1.35 cm. On the basis of the concepts of the 'film' theory

(24) ’
DaB

‘6 =75

(4.2)

and one would predict a value of kg = 1.2 cm/sec. However, the
actual value of kg would in practice be less than this figure, due
to the diffusional resistance within the boundary layer established
by flow past the crucible. Thus a value of kg = 0.7 cm/sec is, in
absolute terms, an entirely reasonable figure.

B |

One can conclude with confidence that the desorption
experiments at atmospheric pfessure are controlled kinetically
by a simple combination of liquid phase and gass phase mass

transport.

The mixed control model can be used to show that in

absorption, where kj, is much lower than in desorption, the
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influence of the gas phase resistance only begins to be significant
at very low oxygen composition, as shown in Figure 4.1 . This
explains why, for the gas compositions studied, kg, was

essentially independent of p02 in absorption.

(¢) Effusion

The results of the desbrpﬁon mass traﬁsfer experiments at
reduced total pressure (effusion) lead to a value of
k,y =(3.7%0.4 RMS) x 1074 cm/sec, see Figure 3.21, which
is consistent with qulid phase contrel by a molecular diffusion
mechanism. Thus, by removing the gas 'phase resistance, the
mechanism of enhanced liquid phase transport in desorption
disappears under otherwise similar conditions. Effusion and

absorption are therefore both diffusion controlled.

4.1.2 Deduced Mechanism of Reaction

The analysis of the thermogravimetric data allows the
regimes of kinetic control to be clearly, and confidently, identified.

To briefly summarize :

(i) Absorption \'zvith oxy.gen/nitrogen mixtures (po2 =0.01 -
1.0 atm, Ppopap = 1.0 atm) is controlled by molecular,
diffusion of oxygen in the liquid silver, with Dg /A é=9.7 x 1073 .
cm?/sec and ki, = 3.7 x 104 cm/sec.

(ii) Desorption with a pﬁre oxygen gas phase at reduced .

pressure (effusion, P0, = ProT AL) is similarily controlled by
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liquid phase molecular diffusion.

(iii) Desorption at atmospheric pressure with oxygen/nitrogen
mixtures (po2 =0 - 0.5 atm, Ppor = 1.0 atm) is controlled by
a combination of gas phase and liqﬁid phase mass transfer, with

kg = 0.7 cm/sec and kj, = 26 x 10~% cm/sec.

A value of kj, = 26 x 10~% cm/sec in desorption with mixed
gases reflects the existence of convection in th_é liquid silver.
Since forced convection was absent the cénvectioh must have been
generated spontaneously, by surface tension or bouyancy effects.
The principal implica'tion of the results is that the mechanism
by which liquid phase transport is enhanced seems to depend on
the existence of a gés phase resistance, and the attendant

concentration gradients in the gas phase.

Absorptioﬁ or desorptioﬁ incorporates simultaneous mass
and heat transfer, because of the heat of solution effect. Oxygen
solution is exothérmic, with AH = 4,000 cai.-/r'no‘le (65).
Temperature and oxygen concentration both influence the density
and the surface tensibn of liquid silver. It follows from the
discussion of spontaneous convection in Section 2.5 that one or
a combination of the follow-ing four mechanisms could have been

responsible for tlie enhanced desorption rates :

(A) Bouyancy instability associited with the transfer of the heat

of solution to the interface in desorption. (Heat generated at the

interface during absorption would stabilize the liquid.) For a
heat flux typical of the desorption runs, Kraus' theory of:
natural convection (83), see Equation 2.45, predicts

ki, = 45x 10 -4 cm/sec. Thus both the_ existence and the
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intensity of convection in desorption could be explained in terms of

temperature-linked bouyancy instability.

(B) Bouyancy instability associated with mass transfer. If the

density of liquid silver decreases with oxygen solution ¢his is to

be expected, but no experimentgl data has been published), then
desorption would be the unstablel‘direction of transfer, whereas
absorption would be the stable direction. Masson and Whiteway(30)
proposed this mechanism of natural cénvectiqn to explain results '

which are similar to thése presented in this sf_udy.

(C) Marangoni instability associated with the transfer of the heat

of solution. For instability during desorption, this mechanism
requires that ab}a'r <0 ; see the discussion of Pearson's
model in Section 2.5.3. Although aX/a-r is negative for pure
liquid silver, Figure 2.9 shows that the situation is reversed .
“in the presence of oxygen at partial pressures greater than about

0001 tOI‘I‘. N ' . - . l' .

Thus, for the levels of interfacial oxygen concentration in the
desorption experiments, even with nitrogen or argon gas, this
me chanism would become inoperative. In any case, the mass

transfer effects would tend to be relatively more dominant.

(D) Marangoni instability associated with mass transfer. The

oxygen/silver system is one in which a%c << 0, see Figure 2.9,
and therefore the Sternling-Scriven criterioﬂ, see Section 2.5.1,
predicts instability for gas desorption. Instability develops for

transfer out of the phase of lower solute diffusivity and higher
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~ kinematic viscosify, see Table 2.3 . The oxygen diffusivity in
liquid silver is some two ordersof magnitude lower than in nitrogen
gas. However, the kinematic viscosity of liquid silver at 1000°C )
}V‘Ag = 4.01x 10"3 cmz/séc (61, 62), is also less than the |
kinematic viscosity of O,/N, gas mixtures at IOOOOC, e.g. for
air YV =1.75 cm?2/sec (45). Under these circumstances the
diffusivity and viécoéity effects tend to work in 6pposite ways, and
simple intuitive predictions cannot be made. The detailed

solution of Sternling and Scriven's model (50, 68), see Section 2.5.1,
predicts 'diffusion - controlled' convective in.stability during
desbrption_, and 'flow-controlled' oscillatory instability during
absorption. The former can develop - into ordered cellular

convection capable of surface renewal, with a corresponding

increase in k; (as eiperimentally observed).

One or aﬁy combination of the three, equally plausible
mechanisms, A, B and‘D, could account for the convection in the .
desorption experiments at atmésphéric presgure. The need arises
for critical evidence, and this is prox}iéfed by the effusion results.
The above mechanisms can be judged in light of the absence of
convection during effusion.

The existeﬁce of temperature or.cénce'ntration gradients
between the bulk and the surface layers of the liquid silver
depends on the rate of heat or mass transfer, and not on the
presence or absence of a gas phase resistanée. Mechanisms A
and B would ther.ef,ore bé equally capable of promoting convection
during effusion. The absence of convection in practice for
effusion experimepts thus rules out tl-le' possibility that either of
these two natural cori\‘riactioﬁ mechanisms were responsible for:
the convection observed 'during desox:ption runs at atmospheric

pressure.
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The situation with mechanism D is fundamentally different.
Surface tension driven Marangoni convection associated with mass
transfer can only develop if concentration gradients can persist
within the interface itself. If the gas phase is pure oxygen, then
there exists no degree of freedom for concentration differences
in the interface. The mechanism clearly deﬁends on the existence
of concentration gradiehts' in both phases adjacent to the interface.
(The additional degreé of freedom ‘could in principle be provided
by the heat transfer proéesfs. As discussed in Section 2.5.3,
close interaction of' heat and rhéss transfer in binary systems
can lead to instability when the éigfx of ax/a‘r is the same as
the sign of the température gradient . For the oxygen/silver
system this corresponds t_o instability in effusion and stability
for absorption with pure oxygen gas. However, this mechanism
was obviously not s.trong 'enough to generate éighiﬁcant
convection during the effusiér‘l' ex-perir'nents. )‘

The thermogrévimet;:ic studieg as a whole, both at
afmospheric and reduced pressure, rei)resent critical proof of
the emergence of surface tension driven Marangoni convection
in liquid silver during oxygen desorption with a mixed gas phase.
The development of spontaneous convection stems fundamentally

" from two inherent properties of the oxygen/silver system; namely

ab/a(:-(O andD.O/Ag = DOZ/NZ.
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4.2 Marangoni Phenomena in the Gas Jetting Experiments

The simple mixed control model could not explain the mass
transfer data from jetting experiments wit}i oxygen/nitrogen gas
mixtures, see Section 3.1.5 , since the kinetics displayed a marked
dependence on the direction of transfer. Values of kov tended to be
greater in desorption than in absorption, which are respectively the
unstable and stable directions of transfer from a Marangoni convection
point of view. The purpose of the section is to assess the likely
influence of Marengohi convectien on ma_ss_tra,nsfer in the presence of
the.forced convection induced by jet imi)ingement. In view of the
results of the ther.mog;ﬁra\}imetrie studies, only Marangoni convection
- "associated with eoncentration gradients in the interface is considered.

The first assumption is that Marang‘oni phenomena were absent
during experimeﬁt‘s with pufe oxygen gas jets, but that the liquid
phase mass transfer process may have been influenced by surface
tension forces in the experiments with dilute oxygen gas jets. The K,
values reported in Figure 3.7 therefore reflect forced convective

transport without spontaneous convection.

Desorption is the naturally unstable direction of transfer, and
"in the presence of an ex1stmg flow field, see Sectlon 2.5.2 , the
effect of Marangoni convection would be to increase k; above the value

found with pure oxygen jets under otherwise identical jetting conditions.

Absorption is the naturally stable direction of transfer, such
that an initially quiescent liquid would rema.iri quiescent. The in-
fluence of an existing ﬂow f1e1d was discussed in Section 2.5.2 .

A distinction was drawn between situations in wh1ch the bulk phase

turbulence is sufficiently intense to cause random , discontinuous eddy
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renewal of the surface and situations in which the flow field is
essentially ordered. Instabilities of the 'eruption' type could result
from the discontinuous supply of solute to the interface, and even in
absorption the effect v\;ould ‘be to increase RL. However, the available
evidence on liquid phase fluid flow induced by gas jet impingement, see
Sections 2.3.2 and 2.4.3 , suggests that the surface flow field is
ordered rather than random. at the levels of jet ‘momentum considered
in this study. The effect of the Marangoni forées in absorption would
therefore be to dampen the exiétiﬁg convectlion, with a corresponding

reduction in kj,.

The intensity of the Mz;rangoni convectic;n.\would, in practice,
depend on the disténée from equilibrium and so on, but for the present
purposes it is assumed simply that one constant value of kj, apblies for
all desorption runs at each momentum lével, and another constant, but
lower value of k, applies for all absorption runs. These are respectively
greater than and less than the value of kj experimentally measured

with pure oxygen gas at the particular momentum.

The final éssurhption is that kg must be independent of the
direction of transfer. It féllows that the calculated values of kg and
(kG)* presented in Section 3.1.5 (b) are overestimations in desorptlon
and underest1mat1ons in absorptlon. A

The mixed control mass transport model, Equations 2.15, 2.22
etc., can be used to prediét the dependence‘of ‘kc.n.r on po2 féi‘ differentr
values of kL and kg, and su(:h predictjons can be compared with the

experimental data shoWn in Figures 3.10, 3.11 and 3.12 . The results
of a trial-and-error data fitting exercise, which comply with the
éssumptions discussed above', are shown in Table 4.1 and Figures 4.2,
4.3 and 4.4 The computér programme r’ngntionéd in Appendix D was

directly applicable to this tfial—and-‘error exercise.



- 115 -

TABLE 4.1

Results of Data Fitting Exercise;

Dilute Gas Jetting Experiments .

M K DESORPTION | ABSORPTION
N kg, kg, . kl (DES)
(dynes) | (ecm/sec) | (cm/sec x 103) | (cm/sec x 103) kL(ABS)
6500 | - 0.6 4.1 1.2 3.4
13000 0.7 8.0 i , 2.1 3.8
19000 0.77 8.0 5.2 1.5
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In view of the simplifications made to ehable é quantitative
solution to be reached, the agreement between the predicted curve and
the experimental data is good. The numerical estimates of the ratio of
kL‘ in desorption to that in absorption lie in .the range 1.5 - 3.8, and
these estimates would only marginally alter with sophistications in the
mathematical treatment. The important point is that in absolute terms
these results are Whoily consistent with the likely influence of Marangoni
convection. The only existing .theory (95), predicts that for cellular
convection Marangoni convection would increése the rate of mass
trans:fer in the uqstéblé direction of transfer by a factor of between 1.6
and 3.2 . This he:is been supported by experimental evidence, see

Section 2.5.1.

Although‘it was not possible with the jetting apparatus to carry
out critical tests, such és the effusion experiments in the thermogravi-
metric investigations',. it is reasonable'to conglude with some confidence
that Marangoni forces E;risirig from oxygen‘ concentration gradients
within the interface were responsibl e for the enhanced rates pf desorp-

tion relative to absorption in the experiments with dilute gas jets.
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4.3 The Relevance of this Study to Previous Work

Masson and Whiteway(30), see Section 2.4.1 (b), recorded
-enhanced rates of oxygén desorptioﬁ from initially quiescent liquid
silver by argon. The liquid phase convection was attributed to density
differences associated with oxygen concentration gradients within the
bulk silver. No critical _evidence for this mechanism was provided.
The results of the present study suggest that the spontaneous convection
observed by Massbn and Whiteway was,in all probability, driven by
surface tension gradienfs within the interface, that is a mass transfer

linked Marangoni cellular convection mechanism.

Utine and.Parlee‘(i.’,9) , see Section 2.4.2 (b), carried out
absorption and effusion experimenfs and foﬁnd the kinetics were inde-
pendent of the direction of transfer. Thié .is prediétable in view of the
theory and data presented in the present iﬁvestigation, since there was
no degree of freedom for concentration gradients to develop within the
silver surface. Utine ._and_ Parlee did not carry out desorption experi-

ments with a two é;omponent gas phasé.

The kinetics of oxygen transfer betweén a two component gas
and liquid silver was discussed in terms of the similar mixed control
models of Mori et al (40) and Chatterjee and Bradshaw (10) in
Section 2.4.4 . In the present study ‘the gas -phase resistance has been
shown clearly to iﬁﬂueﬁce the overall kinetics in a manner which is
dependent on the oxygen partial preséure in the gas phase. Calculated ~
values oE kcc); are pﬁ}'?siéally realisiic, and the role of the gas phase
concentration gradients in the development of Marangoni convection has
been demonstrated. In contradiction to Mofi et al's postulation (40),
the evidence in this work suggests that the int?rfacial chemical reaction

(0, =2 [O]) proceeds at equilib'rium,vand does not influence the'
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overall kinetics. It is therefore relevant to reinterpret the data of
A Mori et al (40) simply in terms of kinetic control by the liquid and

‘ gas phase mass transfer steps.

Employing Equations 2.40 and 2.41 , Mori et al obtained a value
of ki, = 22 x 10-3 cm/sec and a value of ky = 55 x 10~3 cm/wt% sec.
If their data are intefpretéd in terms .o'f transport control, the effect
of gas phase bulk flow mustA be taken into accouht, see Equation 2.23,
and the gas phgse resistanc'e diéaﬁpears for po2 = 1.0 atm. On this
basis ki, should be 13.3 x 10~3 rather than 22 x 10~ cm/sec. The
data presented in Figure 2;8 relate to experiments which were
carried out near to final equilibriuin. . Thus the dependence of k,, on
Pg, can be readily calculated ffom Equatiops 2.20 and 2.23. For
ki, = 13.3 x 10~3 cm/sec, the best fit of Mori et al's data is obtained

3 cm/with sec) , which is

when kg = 2.25 cm/sec (or kp = 79.8 x 10~
physically realistic. Thé results of these calculations are shown in
Figure 4.5 . Itis .immediate‘l}'r' appafant that the mass transfer. mixed
control model describes M01;i etv al's data eﬁually as well as their
model of liquid phase transport combined with interfacial chemical

reaction.

A feature c;f the resﬁlts in Fig;.lre .'4.5 is that there is no sig-
nificant dependence of the kinetics on the direction of transfer. The
liquid silver was inductively stifred, and this level of forced convection
may have masked the effects of spontaneous Marangoni convection.
However, no firm conclusions can be drawn since the experimehts were
. carried out near fo final equilibrium, under conditions where Marangoni

convection would be expected to be very weak. \

As discussed in Seé:tiqn 2.4.5 , under certain conditions of

desorption with argon, Mori et al (40, 42, 44) found the value of kj,
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to be reduced due to 'surface retardation'. The phenomena was
attributed to the development of surface tension gradients within the
interface. This is very interesting since desorption is the naturally
unstable direction of transfer from a Marangoni convection point of
vier". If the surface retardation effect was indeed real, the likely
interpljetation would be that the flow patterns in the gas jet and the
inductively stirred liquid silver together dictateci the type of con-
centration profile at the interface. Bakker et al (95) differentiate
between the 'macro' effects of ssretem' geometry, flow patterns, etc.
and the 'micro' effects described in Section 2.5. 1 of this thesis. A
similar distinction 'is drawn by Bruckner (98) between forced
instabilities and 1nstab111t1es related to the aystem. This kind -of
distinction is probably relevant to the results of Mori et al (42, 44),
since 'micro' effects could certaml y not cause surface retardation

during desorption, Ehe_ naturally unstable direction of transfer.

In Chatterjee's preliminary work with dilute gas jets (1, 10),
see Section 2.4.4 (a) , two of the five desofbtion runs yielded value
of 7\ > | which is physically impoésible.' 'i'his was attributed to
experimental scatter, but a more plausible explanation is that
Marangoni phenomena were causing some enhancement of the liquid

phase transport step in desorption.

The main contribution of the presenf investigation is felt to
be the substantiated evidence for mass transfer linked Marangom
_convection under spec1f1c conditions of oxygen transfer between gases
and liquid ‘silver. . The literature shows a growing interest in surface
phenomena in high temperature liquid metal systems (46, 97), but
to date there have been few direct observations (80). Most high

temperature metallurgical reactions occur at interfaces between
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liquid metals and gases or slags , and tend to be trapsport controlled.
Furthermore, many solutes of obvious importance to metallurgical
processes such as oxygen and sulphur are surface active with respect
to iron, nickel, copper and so on (58, 59). There is no doubt that
spontaneous interfacial phenomena play a s1gn1f1cant role in many
metallurgical processes (96, 98) and that further research work in

the area is warranted.

Although Marangoni convection is a well established phenomena
in various systems of interest to thé chemical engineer, a search of
the literature suggests that the present thermdgravimetric study
provides the first explicit evidence in é high témperature liquid metal
system for the development of surface tension driven convection
resulting from instabilities in the mass transfer process, as spéci—

fically defined by the Sternling-Scriven criterion (50).
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CHAPTER 5

CONCLUSIONS

1. In the thermogravimetric and the jet impingerpent experiments
carried out in this study, the kinetics of oxygen transfer between two
component gases (nitrogen or aréon diluent) and liquid silver were
controlled by a combination of the gas and the liquid phase mass
transfer steps. The chemical reaction at the interface exerted no
kinetic influence. With a pure oxygen gas phase, the kinetics

reflected simple liquid pha-se transport control.

2. In the thermogravimet'ric’experirr;ents , the liquid phase
transport mechanism was molec@laf diffusion in absorption and
effusion, but Maranéoni convection in desorption. The Marangoni
convection was dri;/en by surface tension gradients within the inter-
face, which arise from amplificaﬁon of sméll instabilities in the
mass transfer procéss. The appearance of this kind of spontaneous
convection is desribed correctly by the Sterniing—Scriven criterion;
the surface tension of liquid silver dééreases with oxygen content,
and the diffusivity of oxygen in liquid silver is less than in gases.
The mechanism depends on the existence of a solute concentration

gradient adjacent to the interface in both of the phases.

3. The the.I"mcigravinﬂetr‘ié investigations as a whole are thought to .
provide the first e>;plicit,A substantiated evidence in a high temperatqre,
liquid metal system for the existence of méss' Jcri‘;':msfer linked, surface
tension driven, Marangoni convection, as spécifically defined by the

Sternling-Scriven criterion, in initially quiescent liquid.
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4. In the experiments with dilute oxygen jets, where a flow field
existed in the liquid due to the impingement of the gas jet, the effect

of surface tension forces was to enhance the liquid phase mass transfer
process duriﬂg desor‘pti'on and to retafd it in absorption. The ratio of
the liquid phase mass transfer coefficient in the naturally unstable
direction of transfer to that in the naturally stable direction was
deduced to be in the range of about 1.5 - §.8 for the conditions of the

jetting experiments, which is consistent with the proposed mechanism.
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APPENDIX A

Mass Transfer Data from Absorption

Experiments using Pure Oxygen Jets.

In order to plot the mass transfer data in terms of Equation 2.7 ,
the solid-electrolyte probe readings were converted to concentration units
. by using Equations 3.1 and 2.1 . The results of such calculations are

presented graphically in the following figures : A1 - A6.

The bath volume was not constant for all experiments. Calculated

values of bath volume, based on depth measurements, are given below :

Run V (cm3) Run v o Run v
P1 1690 P10 1690 || P18 1717
P2 1720 .|| P11 1690 || P19 1583
P3 1720 || P12 1690 || P20 1583
P4 1720 P13 1690 | P21 1583
P5 1690 P14 1690 | P22 1583
P6 1720 || P15 1680 || P23 1583
P7 1720 P16 " 1690 || P24 1583
P8 1720 || P17 1956 || P25 1583
P9 1690 |

The momentum figures quoted in Table 3.2 -are calculated by

- -using Equations 2.2,9,‘ 2.24, 2.25 and 2.26 , with Cd = 0.934 .
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APPENDIX B

Mass Transfer Data from Absorption and

- Desorption Experiments using Dilute Gas Jets.

The mass transfer data are plotted in terms of Equatién 2.9
in Figures B1 - BS. _
Calculated values of bath volume, based on depth measurements,

are given below :

Run V (cm3) Run v Run v
D1 1530 .|| D11 | 1530 || D21 | 1583
D2 . 1625 D12 1625 || D22 | 1583
D3 11530 D13 1625 || D23 | 1583
D4 1625 D14 1690 || D24 | 1583
D5 1530 D15 1690 || D25 | 1583
D6 1530 || D16 1690 || D26 | 1583
D7 1530 D17 1530 || D27 | 1625
D8 1625 || D18 1625 || D28 | 1625
D9 1625 || D19 1690 || D29 | 1625
D10 1625 D20 1583
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APPENDIX C

Mass Transfer Data from Absbrption and

Desorption Thermogravimetric Experiments

(a) Calibrations/Mass Balances

SinceC =q. J—'(Equation 2.1), q= 1.76 x 1073 gm atoms/
3 1
cm” atm?, the atmoic weight of oxygen = 16, the density of 11qu1d

silver at 1000°C = 9.2 gm/cm , it follows that

- L
Wo = 3.06x 1077 W, , 0 (C.1)

where W = the weight of oxygen dissolved in the silver

and Wjg = the weight of the silver..

The ioad cell c_:alibratibn ;:»'as 0.01175 millivolts output per
1 milligram change in weight. A;r. the beginning of the thermogravi-
metric investigations, several runs were allowed to proceed for very
long times in an attempt td achieve equilibrium, and thereby check
the calibration by ﬁxass bélance. The results of these calculations

are tabled below.

Run wAg Initial Satﬁration Predicted Actual | Error
(gms) Poy, atm| Po, atm Amv x 17 |AmVx 102| %
A | 20.23 o | 1.0 72.8 71.5 | -1.7
B | 17.00 0 ‘1.0 N 61.3 . 60.6 | -1.2
c | 19.05| o0 203 | 31.0 31.0 0
D | 19.05 0 0.1 22.0 21.5 | -2.3
E | 17.00] 1.0] o 61.3 | 61.5 | +0.3
F | 19.05 1.0 0 | 68.5 68.5 0
G | 19.05 1.0 0.01 61.7 61.0 | -1.1




- 141 -

(b) Mass Transfer Data

Equation 2.9 can be rewritten as

V* - mv
InR = In = UL

-mV* - mV () (C.2)

-vt

The equilibrium value of the load cell millivolt output, mV*, is

calculated from the information in Section (a) above
mV* = 0.01175 x 3.06 W, [Po, (C.3)
provided W Ag is in gms.. The mass transfer data for both absorption

and desorption experiments are presented in terms of Equation (C.2)

in Figures C1 - C3. Values of A/V are listed below

Run -'% (cm~1) Run %— Run —%—
TG1 1.53 || 1610 | 1.53|| TG18 | 1.53
TG2 1.53 || TG11 | 1.48|| TG19 | 1.53
TG3 1.58 TG12 | 1.53| TG20 | 1.54
TG4 1.58 TG13 | 1.48| TG21 | 1.54
TGS 1.53 TG14 | 1.53| TG22 | 1.54
TG6 1.53 TG15 | 1.53|| TG23 | 1.54
TG7 1.53 TG16 | 1.48| TG24 | 1.54
TGS 1.48 TG17 | 1.53|| TG25 | 1.54
TG9 " 1.53 |
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APPENDIX D

Dilute Gas Jetting Experiments -

Calculation of the Gas Phase Mass Transfer Coefficient

- The dilute gas jetting experiments are discussed in Section 3.1.5.
The approach adopted initially was to analyée the results in terms of
the mixed control model proposed by Chatterjee and Bradshaw (10), see

Section 2.4.4 .

The value of k; was assumed to be independent of gas composition
and direction of trénsfer. Thﬁs, a value of k;, was obtained fromv. .
Figure 3.7 (represénting pure oxygen jetting experiments) for the
particular momel;ltum of eaéh dilute gas jetting experiment. The value
of k,y was then téken from Table 3.4 , and an average value of A was
calculated. An average value of the oxygen concentration in the silver
was estimated from the solid electrolyte ‘prbbe readings, and the jet
composition was calculated from 'the rotameter readings. This
allowed calculation .of an aveljége value of 'Vl, Equation 2.15 was
then used to calquléte SQ’) . Opce (P was known, a value of kG was

calculated for each run.

" The effect of bulk flow is discussed in Section 2.2.2 . To solve
Equation 2.22 and calculate kg , the i:nterfacial partial pressure must
be known. To calculate p* one must know the rate n . The rate of
absorption or desorption was eétirriated at selected instances during é
run from 'éhe rate of change of oxygen concentration in the silver’bath,
Equation 2.6, whi@h was derived from the slope of the Cb vs t curve.
Equation 2.3 was then used to calculate C* and ;che equilibrium

relationship, Equation 2.4, lead to p* .

A computer programme was written to enable speedy calculation

. ‘0 : . . .
of n, p*, kg, kg, etc. at set time intervals throughout each run. In
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the computer calculations,n was related to the time averaged change in
Cb for sufficiently small time increments such that, in reference to

Equation 2.6 ,

d Cb -, AC

dt

In the above‘calculations it was assumed that p,, = pypp- However,
the entrainment of surrounding gas info the jet would alter the gas
composition at the silver interface. Entrained gas would have a
composition similar to the gas leaving the furnace, PEXIT? and so in
practice pp would lie in between pygy and Ppy - The exit gas
composition is readily calculated from the overall oxygen mass balance
for the furnace, ‘v'vhicfh debends on the gaé flow rate and composition,
and the instantaneoﬁs rate of absorption or desorption, n . Theeffect
of product gas entrainment is to reduce the'driving force for interfacial
mass transfer in either direction of reaction. If radial concentration
' 'gradients in the jet are ignored, the éffective partial pressure of
oxygen immediately above the silver surface can be estimated from a
mass balance to be .

® : *

my )
Pb = Pypr+ (1.-.1_}1;) (PEXIT - Pypy) (D.2).

where my is the totali masé flow rate at the nézz}é exit plane, and rhh is
the total mass flow rate at a distahce h from the nozzle corres-
ponding to the lance height. From the discussion of jet theory presented
in Section 2.2.3 , the dggree of mass entrainment for a lance height of

10 cm would correspond to a value of (1 - my / ﬁh) = 0.9 .

The computer calc‘uilations give values of n at intervals throqghout
each run, which allow pgyyr to be es‘timated at specific times. ' ‘
Assuming, from Equation (D.2), that pb = 0.9 ppxir * 0-1 PyEp» the
value of the gas phase mass transfer'coefﬁé:ients in the calculations

‘discussed above can be corrected for product gas entrainment effects.
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i

An asterisk is used to identify gas transfer coefficients where such a
. . o .
correction has been made, viz (kG)* , (kG)* . Further refinement
to account for radial concentration gradients would be complex, and

not considered justified for lance heights as large as 10 cm.

The results of these calculations are presente.d in Figures 3.13,
3.14 and 3.15 . .The corﬁputer programme and an example print-out
are shown in Table D. 1 . The ca.lculations' ére summerized in Table D.2 . )
All figures in Table b.z, other than values of Cp (t = 0), are averages

for each run.
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TABLE D1 (contd.)

(Sample Print-Out for Run D20)
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Cp (t=0) Cp C* f p* PEXIT

Run | Duration | (gm.at/cmS) (gm.at/cms) (gm.at/é:mB) (gm.ét/sec) (atm) (atm)
(mins) x 104 x 10% x 10 x 10° x 102 x 102

D13 28 3.13 2.92 - 2.49 4.96 - 2.00 0.58
D4 | 16 1.91 1.87 1.74 1.56 0.97 0.49
D15 60 6.88 5.59 4.34 14.19 6.23 2.47
D16 40 10.99 9.02 4.91 28.05 7.86 5.69
D11 40 7.01 6.29 5.38 11.24 9.37 5.25
D18 44 10.94 9.25 7.24 22.95 17.14 | 10.28
D7 65 0.24 0.37 0.46 1.12 0.073 | 0.39
D8 48 2.43 2.63 2.83 2.38 2.59 4.75
D9 50 1.74 1.99 2.24 3.00 1.62 4.70
D10 45 2.91 3.24 3.64 4.15 4.31 6.76
D11 60 S 2,41 2.90 2.76 4.47 3.49 9.04
D12 25 3.53 3.88 4.54 8.36 6.69 18.76
D5 50 6.35 5.48 3.64 10.33 4.30 1.05
D6 50 5.77 5.19 4.01 6.92 5.21 3.09
D1 65 1.65 1.83 2.11 1.65 1.44 - | 3.04
D2 30 2.31 2.47 3.04 3.23 2.99 6.22
D3 | 100 2.97 360 4.32 4.19 6.05 | 9.81
D4* 40 3.07 3.75 3.81 4.55 9.77

2.79
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D22
D23
D24
D25
D26
D19
D20
D2{

48
36
52
36
26
60
32
26

3192
6.03
12.53
9.38
14.22
1.23
1.92
2.75

3.31
5.23

9.70

8.22
12.36
1.50
1.21
3.21

2.72
4.25

6.77 -

6.74
9.47
1.70
2.68
4.00

7.83
13.15
39.10
19.90
23.89

2.40

6.18
10.70

2.44
5.93
15.23
14.77
29.64
0.94
2.33
5.19

0.61
1.95
6.09
7.72
10.85
1.61
4.81
‘ 9.78

= IG6T -
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TABLE D2 (contd.)

Run A ’TL ¢ kG k& (k&) *
(cm/sec)| (cm/sec) (cm/sec)
D13 | .247 0.40 9.71 0.92 0.91 1.00
Di4 | .208 0.62 - 9.54 0.93 0.92 1.02
Di5 | .412 0.50 3.74 1.06 1.01 1.07
D16 | .531 0.45 2.26 1.06 0.98 1.12
D17 | .376 0.62 3.96 0.72 0.67 0.72
D18 .585 0.61 1.64 1.17 1.01 1.12
D7 .119 3.21 | 11.56 0.90 0.90 1.00
D8 .116 1.47 8.93 0.33 0.32 0.33
D9 .132 1.96 | 10.51 0.28 0.27 0.28
D10 294 | 1.43 4.35 0.45 0.42 0.45
D11 .162 1.89 8.44 0.25 0.23 0.24
D12 .198 1.88 6.63 0.24 0.21 0.21
D5 .436 0.25 .| 4.80 0.79 0.77 0.88
D6 .506 0.57 2.33 0.78 0.75 0.85.
D1. .236 1.69 5.60 0.31 0.31 0.32
D2 .285 1.80 4.29 0.27 0.26 0.27
D3 .328 1.59 3.70 0.26 0.24 0.25
D4 .288 1.82 4.19 0.22 0.20 0.21
D22 | .250 0.33 | 10.72 1.06 1.05 1.18
D23 .339 0.44 5.58 0.96 0.92 1.01
D24 .444 0.43 3.45 0.89 0.80 0.87
D25 .426 0.59 3.24 0.79 0.70 0.75
D26 .462 0.46 | 3.17 0.73 0.58 0.62
D19 .229 1.51 5.98 0.90 0.89 0.96
D20 .244 1.79 5.25 0.59 0.57 0.61
D21 | .318 1.76 3.69 0.60 | 0.55 0.58
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" LIST OF SYMBOLS

area
coefficient of thermal expansion
concentration
discharge,co-efficient ‘
diameter

diffusion coefficient

electrolyte probe output

Faraday constant (=96487)

gravity
lance height

mass transfer coefficient

jet constant

~ bath depth

mass flux

momentum ‘HUX

' mass

molecular weight
ioad cell output

rate of reaction
depth of depression
partial pressure .
total pressu-re

Sievért' s constant
heat flux dens'l‘\’\’

radius

energy conversion factor

* departure from equilibrium

gas constant (=1.987)
time -

Temperature

‘ velocity

“velocity

volume

sz

oc-1

gm.atom cm”

d'less

cm
2

cmTsec”

volts

"coulomb per

1

3

mole of electrons

cm SeC_2

cm

cm sec”

d'less
cm

gm sec”
dynes

gms

gm mole ~

1

1

1

millivolts

gm.atom sec”™

cm
atm

atm

gm atm cm~3atm

1

cal cm"2 sec ~

cm
d'less

d'less

cal ok-1 mole-1

secs
OK
cm sec”

cm sec”

cm

1

1

-1
2
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- weight gm

w

X mole fraction . ‘ d'less

x distance . cm

7\ rate constant d'less
", driving force ' d'less

¢ relative resisfance ) d'less

8 relative resistance d'less

X ratio 6f speéiﬁc heats d'leés

¥ surface tension dyne cm™
/.) density , gm cm™3
M .viscosiiy | poise

v kine;natic' viscosity | et sec™!
S diffusion &istance cm
" SUBSCRIPTS

A species 'A'

Ag . silver

AB two-component gas

b bulk phase

eq equilibrium

gas phase

distance equivalent to lance height
jet

’liquid phase

lm | log mean ¢
N nozzle
. ov overall
Oy, 0 oxygen
o ~ jet origin
t time
TC . thermocouple

TO0T total
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SUPERSCRIPTS

interfacial (C* etc)

corrected for product gas entrainment
(kg etc)

corrected for bulk flow (kg)
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